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WEiTH THE INTENTION OF AFPLYING A MATHEMATICAL THEORY OF
LEARNING TO SECOND LANGUAGE ACQUISITION, A TWO-FART
EXPERIMENT USING TWO SETS OF 20 STUDENTS WAS CONDUCTED AT
STANFORD UNIVERSITY. IN EXPERIMENT I THE SS (SUBJECTS) WERE
ASKED TO DISTINGUISH DIFFERENCE OR SAMENESS IN PAIRS OF
INITIAL RUSSIAN SYLLABLES. THESE 144 SYLLABLES WERE GROUFED
INTO CONTRASTING PAIRS DIFFERING ONLY IN THE INITIAL
CONSONANT PHONEME. THESE CONTRASTS WERE THEN CLASSIFIED
ACCORDING TO EXPECTED DIFFICULTY OF DISCRIMINATION AND
©  PRODUCTION FOR AN AMERICAN WITH NO KNOWLEDGE OF RUSSIAN. THE
PAIRS OF SYLLABLES WERE PLAYED TO SS OVER A LOUDSFEAKER, AND

" THE S& WERE TOLD TO GIVE AN IMMEDIATE RESFONSE OF EITHER
"SAME" OR "DIFFERENT" TO EACH SET. EXFERIMENT I1 WAS
BASICALLY THE SAME AS I, WITH SLIGHT CHANGES IN THE SELECTION
OF SUBJECTS AND STIMULUS MATERIAL. A LINGUISTIC
INTERPRETATION OF THE RESULTS INDICATES THAT--(1) AN
ADDITIONAL PRESENTATION OF THE VOICED-VOICELESS CONTRASTS
MIGHT RESULT IN NEARLY PERFECT-IDENTIFiCATION, AND THAT
PEDAGOGICALLY, REPEATED TRIALS ON THE SAME CONCEPT COULD BE
MORE EFFECTIVE THAN RANDOM PRESENTATION, (2) GENERALLY,
FRICATIVES ARE MORE EASILY DISTINGUISHED THAN STOPS, (3)
SUBJECTS HAD DIFFICULTY DISTINGUISHING BETWEEN VOICED AND
VOICE .2SS STOPS IN RUSSIAN, AND (4) MOST OF THE FINDINGS
FULFILL THE EXPECTATIONS RESULTING FROM A CONTRASTING
PHONEMIC ANALYSIS OF RUSSIAN AND ENGLISH. (FB)
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1. IKTRODUCTION

i Technical Report 1s the first sn-a serfed of’detailed qmntiﬂ%ive
studies at%eﬁiating ‘tor anﬂyze second language leu-ning in ﬁem of- -t:lﬂtlua-‘
response theory.” It 1s the joint work of structural linguists snd ke~
matidal peychologists. - S | SR

“secitienily; this £irst Report s concerned with'a quantitative anily-
s “qf-’n?;;é%iagfaaaganaat"-aiséfmmiana 1n“1nit1al posttion by Hative "

Bhker ‘"&f“imricﬁn Bagiish.” The Bélection of them&terialssti"xdie& 1=

2 cif, o

“Hsscrived’ in ne ‘gection on Exper:l.mental ‘Method,” tégether vith an mliue ot}
tﬁeimcea' ﬁ%f.uzed. The ‘section on’ &permeﬁtal mﬁu'ﬁ:‘s "“‘& "diiéiﬂea

neitSiit ot “‘3”@“&*’ t4tative Pindings VR1Eh In ti¥n are interbre
1iﬁmﬁ’§%ic :»dih% of ‘vi¥y 1nthe next sectién;’ unm st:le'

- 'e" Mi 61.,. %

REButte. kL ERbugh” primurﬂy‘baaéd on’ articu‘.l.a‘ébry* fphﬁneé’ ‘w i RSOaatiE,
ginamia 48’ also ititizea 1A nis seét‘ion wﬁéhewr"?% seimea’ et ekt 48

IR P L T SRR

bettéf uﬁﬁers'éandihg of the-data, 0 7 0H T - o 1 s éﬁ - :

o, n-,.,u(

Kltﬁough th He 13niguistid résults present- somé  dataTor
3 Ny ~ the most important aim of the study i1s to apply & mathemtical tﬁ&'b% f*’

; leaftitng vo'second’ language’ Bequisition. . 'iﬁéi%%ﬁi%s‘f'éfff%ﬁ%ﬁﬁh&#ns have

,,,,,,,,,,, f”’

- béén pladed 4n’ thid ‘Bection on Quantitative Appiiehtion’or Stimuius -Ré Ponse

sy As Ty Fari §- 8

R ’Q&‘”ry‘, the #inal sectfon of this Report, in oider td make the Gtnér Sspects

WETTTS q v

or th‘é a‘%uﬂy more acceBsible to l...nguists and other readess who dre fiot” &

4 T ies L e e
Jhe et e, A é_;j

Primril& interested in"this ‘feature of the work.” "' iR

e v
M PN

L e R RN Tagraphy contalus references of works utilized in the’ &tuay,'

U gE Vel EN reretence” to’ tibre genera“l references on ﬁerminolosy ﬁ 1in-"

“pitEtH¥s and mathematical learniﬁg ‘theory. “For 1linguisties,

. 3 - . 7 I M &
u }‘. o . T ~ .. - B x . TN 4 v v P I R » R
,‘5 LTS v W L T4 gt RPN ; AR ;- D S B

S Va4 P -

. *h .Toe-research reported herein was conducted pursuant to contract: SAE 951k
; between Stanford University and the U.S. Office of Education, and was also
= partially supported by a grant from the Carnegle Corporetion of New. York.
We wish to acknowledge the assistance of Elise Belenky in preparing and
conducting the experiment.
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-1 afer: ke Teadey.t0;Glenson. (1961),-end for pathepatic -;wm
t. Bugh. eng, Entes. (1959), Bush and Mosteller (1955), Bstes. mm
Suppes and Atkinson (1960)... . . .o ogoap an Tk

¥

A,

Beforetm'ningtothedeta.ilsorthetvoexpermt;

.- Wept to.meke some, additional remarks sbout: the orientaticm, m&wrpose of
this series.of studies. Perhaps the first observation thl.t migh‘,h -be. made
cbou; the present Revport by someone interested in ncmnsitim
o 48 1het 1f this mh-;,ﬂﬁtﬁleﬁg ,BO4Ng. 1o be
- OF; uch ecquistion,. it seems doybtful that problems. of, dﬁmtﬂ

s A et — mk'v;-"' a-‘ﬁ’

sk f» t‘»«»-.;

A T N

gmw Yibe repched. . Be.might.also. app %w@m hexe. ;-

&,vmpaa,ﬁ 1y 8, s1ight. 3 speet therf mwn wiels .Z,;_f
mw f e Beport: vm m,;ﬁm gplicat
. gFbar t x,n,hwmms of. the. smleﬂt phm Bateris %ﬁ
ask vhat hope 1s there of being able to uge, wm t ﬁm o,
,q,ém'iwiwsm%rs deamn. Bwien ,Brsmmar o ,;gn ke | Mwm
R T I S . :

L e i W o
VOB, Ay 10 J(‘?‘* “1(5"3}"' J‘{?}%g(g‘ 1,_4‘;: ;"\f‘;‘k!

Our defense is disamingly simple, . Ve do not in. tpg:b‘ xet mhmr

e esl cﬁﬂ,tw,t.r SE TN | LR VR RN Sy ru.

teita g |
_.‘_,zthgpg%mxe gomlic gppl:l.(:ntmgs .are to.be made. . Applicatiom o;t the. 4
- kipd of models we use.to relatively complicated concept formetion experizents
m-wﬁw&ewﬁ or two_offer some grounds for hope, but. i‘tvw;dtm us
mach too far afield to outline our present idess end : tu.rq Mg, .gq
‘ At this Juncture we are satisfied to ligit qurs%;lxea 0. nnsambiealﬁ
simple material, vhich is already relatively compliceted in. cmmm ﬂth

the stimlus material used in most learning experiments, We alsc. Suphasize

iﬁm XS

W

that we are more concerned to study qmntitaftively & rev ﬁmdmntal

problzms than to prodnce ‘naw. pedagogical mt:teruls ar mmltamf m&iate

cla.ssrom interesh < e ‘26 " P o 1Y

- o -, NN ey e Y ;_‘.,m_,.- ,...'—‘ ... _.’- - " ¥ oyt e AT e e
o i et SR, S L T T 4% T. ) > e T TR A b iz

i i.gr"..i‘g"so'in;’ tqbe":w' 9 (LT “mgﬁ - ‘< .
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EXPERIMENTAL METHOD
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riments are presented sepmtely.
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students fron an_Lrtradactory

Frer ! PR

J,ogi ¢ class apr\red as subjects. Each subject’s native;: language Nes:Bnghish.

+ Tt i ‘4~.-

omJg students uho did not speak Bussian vere eligibla Tor the. W

- EEE o
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After the ﬁ-na-l session,
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tin in bigh school, none. of-them-convinued.: ik in:;

2. Mm““! a1l except ope. cgubinued.the cther foreigo' junguages. '
high ?SH?&%&&PH Stenford University,-.8ix. studied. French:fon:two to

Simiﬂh for-one. and WO yeavs Yespectivelyw: A1l

ch in hisn scnoel continued for M«mmthm uarters
seven who started the study of Spasnish-in high.-
language in college. One switched to qqm,;-=
led in high schionl:wes

-However,: he -also
in addition to one quarter of

g

ther Frefigh or Spaish-in high sehool

a 1“""11‘&’0“‘? of. W’ s
schoal, five contizued the
‘9‘«;‘“""" mh%a The Goly other langusge stud
Ita.litn by one subject ho lived in Italy for six months.::
studied French in high school and collezs,
. Bpedid Buver’ii'"éi'thﬂa studying either

-took up

P.n°'°,h#r Toreign langusge. in

m’lﬂnv
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heerd at home were: Poldsh, Czech, Y1ddigh, Hebrev and Spanish | (one subject
ea.ch) and German (two sub.)ecto) Tvo sub.)ecta participated for two quarters
at Stanford in France. One su'bJect atuttera.

Materials. A basic list of Russisn syllsbles in phonemic traascription
vas constructed. There ‘hre'32 initial conmsonant phonemes (fhe’ ".1"" {ndicates
palatalization): /p,pd, t,tJ, c,ch, k" bb), 4,43, g, 2,85, s;8),
i, "y VS, V8,88, b, wuj, n,n), 1,1, T,rd, y/. The pho
/y/ was vot used but the plicrienic' sedience’ /X¥/ was used. The 1iat coneisted
of these consonants and the sequence, followed ‘ﬁy the vowel hctates
' [w; @y 1,6, %] Exelnding ‘the OV s:rlhbln (o single’ eonm "#6110ved by

% ingle wowel) vhich are excesdingly rave there wre 14i such “bylinbht‘,

scme of which ere’ spelled in two different vays (¢ig., "cHo”, "ale)i
These 14 syllsbles vere grouped into contrasting pairs'difPeriy aly in
the initial ¢onsonant phoneme. These contrasts will be aenaeeuy S

: [CyVy = BsV¥y/+: "Then the contrasts were clissified into sets’ihich v

. ordered in terms of expected difficulty of discriminstion aﬁdﬁ‘p:'vodixet:bh“'

| for sn Amsricen subject with no knowledge of mtsii.ﬁi"‘ﬁ mllerdclcription

| of the sets appears in Experiment IT. The ‘sste julgéd ‘easlest wers chosén
for Experiment I. The estimates were based on the iinguists' Judgéiunts ot
relstive difficulty of prommciation of the pairs, since little g t_i;?.____

* information concerning difficulty of discrimination was availsbls, ‘They

E are the following: S e

: voiceless : '%ce& plain fricatives WW s x/

] voiceless : voiced plain stops piv, 314, x:g/-

. e

W T LN I T B I R i RV S e T A e Bl D oy Mg 123 P 0 T e T I Ty W~ T2, S B S LEN L g7t



e /22 v/ w8 o] btrasts ThcIndsd ofiy e vowsl W‘

<fa, 0, u}; sihte those consonants wie nost: fhw pmwméa ﬁaﬁsﬁ
- fof @A [t/ ALl five vowels were ted with essh of the other ctnsciisnt
contrasts; miking & total of 26 CV contrasts. “From these 26 contrasts of the
form [C,Vy #.G,V;/, the stimilus items for nxpéi'ﬁﬁﬁtff“r-wﬁ%mstﬁmdﬂn
the following manner. For each contrast, theféur CV paira'¢;Vs ‘7""2

r@é@f 101V, 5 G4V, 2 €4Vy, and OV, ¢ Co¥y vﬁr&vwmm.m%u

1 SEWOOpALTS e éama nifiimal pairs, sineé: mwumﬁmmrwtwm

-Ixtvolves four palrs (#.g., e ba; b3 P, Tl §0ay w pa.Jouet
trést. 1s Teferred. ) &8 & h-dificeptis Hemddy 26 FaScRSEPEN; I W ‘
weed 15 Exieriiant Io The 92 pélrs Haring: & ﬁ@MWW W%

the first will be called ses:{s) Palrs; nd thé 52 B WWW*
. eécond -febey: 6 :CV- syllid e A4 rrerént  Srom the 2 Lrut gy e wﬁ, cm.ea
- iftwrent 4) pales. - T X0k pitre ‘are’ LBteY Y Apbene’ K St o
ww w:r Theive” ae’ £1ve vowel ‘phorenel; and, a8 mentionsd, VIt 74 % v;w
v Lofk $ gf thres were:used ‘in-the comtrasts. * Tt must Bé borne mm,wm ’
thst:thé-allophones of ‘these vowels differ according to-the: pie |
consonant. In the case of /a, e, 0, u/ the different uJJ.ophmestch
alike to Bnglizh speskers. - But the allophonic varisticns of /1/ dve
perticulsrly marksd (see Section 4)y ' - v o o TR vlenl PR
After: the pairs hal béen formed; lists of palrs to'be $éctrded Tor
pﬂmtl.tion) to the subject were constructed &8 follows. For e fiist
day; three randanizations of:the oider of the 10% minimal pairé Vers prepired.
For the second day, three new randomizations were made. For the final three




days, the pairs judged (on the basis of pilot-evidence, and on linguistic
grounds) to-be t.ooo(egayf for further experimentation) were eliminated. The
20 /p : b/, 20 /t : &/ and 12 [k : g/ pairs vere retained. Six randomira-
tions of thesea 52 p;;l.rs were preparsd for each of the last three duys'
material. One randomization of the vairs will be called a list. ILists
1-6 constituted the material for days 1-2, and Liets 7-24 for dsys 3-5. .

. Becordings. High quality tape recordings of the 2k 1iste of CV pairs
vere mede in & hesvily. scund-proofed room in the Division of Spesch Pathology
and-Audiology leboratory at the Stanford Medicel School-l-/ Recordings
vers mads on Scotch 111 tape at 7.5 inches per second using & boom-mounted

.+ Alteg 26-M microphons system snd an Ampex 351 stere tape recorder. ‘The :

_migrophone was placed st a distance.of k-in. and at an engle of 215° from

.+ JThe phonetic peak of all syllables was held sbove & minimm VU reading.
No attempt was made to equate phometic pesks; instead,:we opersted with the
natural difference in vowel energy. The levels, once estahlished, were not
‘changed during the course of the reccrding. ALl Tecorded items (the CV pairs)
were %if.-npproved by the native speaker of Russian and by -the monitoring
linguist. .= . , e 1

The native speaker lived in e Russien-speaking enviromment from birth
(1906) until settlement in the United States in 1928 end has spoken Russian
daily throughout her life. Her father was born in Moscow and her mother
in Viedivostok. She has lived in both cities, and is from an upper socio-
,‘gﬁ‘cf:onomic backgrmmd. - She received her secondary education in Russia, and.

T
, -
] e g e -
T L R AL 5 O ' SN S
B LR 3

1/ We wish to ackmowledge the assistance of the Speech Pathology and
Audiology lsboratory staff, and particularly the invalualle help '
of Professor Dorothy Huntington.
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. ber;highey education:in Framce-end Beladtme:s iy :roids’. em’ f: wﬂ WW’

L Apperatus. mmmduteﬁdmplmdbmkm’tﬂmmr, .
‘ Model 2628L. For playing, the highest possible volume setting ver used’

whichstillkeptthesmmdfreefromdisbortion. Gmetonemapproprietely

;e ”
‘: . _~' :‘{m

adjusted 'me vo:hme and tone settings uere the sme for uJ.l mhjects. .

A . R d
ER— 5 I‘ L ,,,‘, Z'{ Y\(Aﬂ ,ga\g e

I A i i Bedat it

kel

I b e L

’E:'..A.! : EX - ;.,,,.:'f_;i

“'Jhe other piece or equiment wh.‘ch comisted o:t a 75-% hﬂp ﬁttzed wi.i'.h
’ f" ‘i".u..zg Q“ t}‘«: 1,.-»/ :&‘w\i‘ " ’U i

a 1-in. diameter green reflector wc? munted on en ll-in. x 4-tn, ‘x— 2.1,,, = '

) < remer™3 A siam el imem gpes S Tme oo ren s ?,3»*, ey ﬂwfﬁ ‘,t;""? ??’3;;
bﬁiiﬁt&lbancpemitbedtheuperimentertodenmeltdﬁ :
,—;,anu@ Eytaaid Bomngn s b DV LR "ye‘t¥“4,<” ﬂu‘g?fw?{?*”&v'_{ s
the sibject aﬁ:er eech incorrect response .The lmpm mm&mr
e pmrnesdl daens “on BEE ofv aloelids wiuD - obdnéldus 2 &*ﬁ;‘% g'ﬁg«;f, .
‘the experimenter presaed a simple doo:'oe]l—type button g
Zuea ragmrere F ot afrer o ey f.,f-,‘g,,;,, 40 BA aJ”‘L”f““ 7'5"‘(‘ ;’;‘*;i* ;fx‘g ; ?géf» =7

equipped th"the Mticd eguimt, and two sub.iects vere run’ eone-
~ime T L3 PavaosaT e A cugh EYLINTHRICD ”*'*un w"' v ".}i i*‘w ‘” 235
cu‘rrent]y, one in each room. . L
P CIHRYTUAS LSRG monedihir w7 raaniiogme - 5iE u .éwéawg%

Pm'cedme e subject wes aeeted recing the Sony speaker st s o

N TP 5 B “. g 1] BT ¥ Gplewiiog ngt el um,»»{f Ry %@:««”-’;
distunce six reet. First he ccmpleted a written questiomaire perta_m:_l.ns
sen L T o 4«€~' .- WIS S Ia.kuu ;“' j;“r*ﬂ"‘h*‘r? §4<“ O
to his backgrmmd 1n roreigz lmgale,es. Then t.he ro].'l.awing ins:bmct:lm,
. :":’ 3‘-';_ *?a» f:": iﬂ»’ o L --‘;»f\-~ - M.;%f’xl - ;; %ﬁ‘; - - -
:oecorded by a natlve Americm ]J.nguisb were plawed over the spenker,

. - . ¥ . L - .4. oA
s Y el r"—l‘«, i i x.f-'lh r,-.: f_-'m,’, ~

- a‘) ~~~~~ i

Ymvi].'l.ncmhear lohpa:Lrs of syl.‘l.ub]es, one peir:b a time, ‘Each .
-patrill be, folloved by a short peise. —Iisten carefully:to-esdch .
pair of syllsbles. Decide whether the two syllebles are -the seme
-or differentc If they somd the same, say "same", If they sowd
d:l.fferent, say "different". Answver each time, even when you a.re
;- nob.gure.  If you-are wrong, the green light will flmsh {the -
light tlash was demonatre1.ed) Ir you are right, there will be
LR, I!OAM' e A AN . 3 < anl m;

Nexb thembjectmuh-diflmhadanymstionsebmtthepmeed\me

G0

Questions were answered by peraphrasing the appropriate portion :of the .
instructions. . e
Rext, the CV pairs were playel one at a time over the.loudspeakex,.

- T = T 5 LTSS e L,
- -~ . ) - P %
N - o - [ ; o o E e
o 2 - 2 fag o ~ ke 2 X > v -
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The rate of presentstion was 14 pairs per minute, with a 3~-sec. peuse bomn
pairs. The presentation phase comtiiiued vithout imterroption wt1l a1l pairs

Experiment I1

Onlythe changesfranExperimenthill'benoted. Cmemthodcf
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&:periment II dii‘fered from that of Experment I in thc aelectiop of sub-
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.;ects and sti.mlus material
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mﬁaects. Tventy Stmrord Univers:ltv students elght from en 1ntro-
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dnctory 1ogic clasa, snd twalve vho uere eecured thraugh uplnynen
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burem, served as sub.jects. Only studentl vho 6.16. not npe-k ‘Russian vere
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‘eligible for the experiment. As 1n Exper:hnent I, each ‘mubject appeared for
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one-half hour dsily for five consecutive dm and recemd $6.oo for par-
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ticipeting in the experiment. The subgects hnsuaae bacmo\md in this -
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experinent 414 ‘not differ appreciab;y rran those in tha previous experinent,
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| Seven mb.jects had etudied letin' in high school ror two to three years, and
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some of them contimued the lenguege st the University. In sddition ell
menhadt;kenaz;sdemlmsuage mhighschoolandeollege. F’ren;hm
the hngu&a tbudied bymst (ngven), rommd vy Spmish (g@tf»md
ce:un (eem). Gem m ma by ﬂmo su’b,)ects feé omqu;fter only
at the mvertity, two stud.ied Greek, o.nd one mmed Italhn 1.n amum
to spending six months o,t Stanrord-in-ltaly In rego.'nd to Imge back-
.ground st home, one subject spoke Spanish frequently and ‘another Hungarian
occcasiomally. - -
Materials. Agein the stimilus items vere CV pairs. The contrasts -
having the highest error rate in Experiment I were retained, that 1s, the
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In order to determine which contrasts vere most difficult, ‘and

hence of greatest experimental interes ﬁ 440 pilot studies vere run.-

The contrasts presented. as. gtimuld: included plain. versus. : pplatalised

e A e e e v oam e L S T

honemes, and /sh, BY, ta, ch/. .Tuo complete lists af; stimd,, oue for:
e&t}h@pil%i gtudy, appeqr. in Appendix. B, .« | oqses wo¥ L edwdmenr HErGE

-nererr (D 40alysis of these: studies 1s glven in Appepdix: Gy The; dhtained

omggf-of gifficulty wms gomewhat. different. q;cnxuhqgnqmraumﬂd.e;mgst»qgg’
the,abggv;ts of. ease. ¢ :of propynciation, . 1 W,Mwimas %-Mj
“eated by %;.,m,the o pdlot studies, were thwm -

nent II. o , B
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Of the.plain : palqtnlizag,contrasta, the vcicelesa and voiced

' ﬁmnm,chmjx 2 83,2223/ in sddition to./d.: 43, a-t-a3fy -

and th 1stAHTS T1 ¥ 1.7 ALY of thieh wete’ chibindd WIHK'71] ab freniT
%sﬁﬁtbﬁaﬁsﬁﬂauﬁéﬂtﬁ'&f discrimination, ahd e Yeterals ore 2
alsé”combAned vith’ /6/ as an-additional ‘vowel.: RCIRC TR ‘m%
¢ vPriehtive i arPriedts’ contrasts in indt1al positions’ veie’ 1HeiRNa,
that-48, /8 : €8/, combined with-all five vowel phohemes,  Obib' Fontiast’
‘of-stop ¢ fricative- vas also used, némely, /K™ i x/; thus’giving ts a 118t
of -25 Sets -6f -M-doncepts: or 100-pairs.” The 52 pairs which pilot data ="~
‘had- {adicated: to be easiest were elimiriatéd’ after Day 2. " The- céntraste
pfeaente& on all five-days were the /k': x; 'z :°23, ‘87 : ts;- pvi byl

peirs. These contrasts included 4, 4, 20 and 20 peirs, respectively:’
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3. ZXPERIMENTAL RESULTS

g .
3 The requgts for the two e;perlments a.re presented lepurately. w
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speaking, we first give the analysis of item dirticulty a.nd thqn turn
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group and 1nd1vidual leaming da.ta
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Relative Eifficulty of consonant discriminations. -Tble 1 indieates
thie Aiffioulty of the pairs claspified according to their vovel and’ com-

'sonant members. For example, the ehtry 006 at’ the Thteraectiot of the'-
Y 2 VP row and’ the fiif:eolumn 15" the proportidn of errors over &1l presen-
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Table 1l is arvanged sq that itegs are-of increasing diffienl&y‘g },;esding 5

from left to.right snd from top $o; bpttom, The column: and. rov. proportions

were colpnted from the overall frequency. of -errors on the -ocpsopant.dis-.

_crinmination or vowel indicsted, It vill-be recalled:that n 0: f2-4xv/ or

g.: k/ pairs were presented with the; vovels [e/ or-/1/, mﬂ-th%*-.the*::i‘
"easy" pair types (those, listed in the first three rows.of the table).were
presented.only in.Lists 1-6.- For h-concepts presented in 1ists .1-6 only,
each. éntry is based on 480 observations (4 pairs x 20 subjects-x 6:1ista).
Similerly, for hgconc,epts.presg'nted in all 2k lists, each entry is based

ca 1,220 observaticss.

The table shows the following order of discrimination of consonant
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which Present the Same Consonant Co
the Same Vowel

Conesonant

Contrest

/e : z/
/sh : zh/
/& : 8/
Jt + d/
/p 1 v/

1-24

.010
.030
.02k

-039
.052

042
.028
.034

0

017
.013
.028
.0ko
.050
055

-053
035

.oli2

TABLE 1
Proportion of Errors in Experiment I on Each Set of Four Pairs

Vowel

.015
017
.037
038
071

-059
.030
.0kl

063

.032
.0b5

1

1-6

.010
.015

ntrast and Contain

Me&n, L‘.I.Sta
724 1-2k
02 .03k -
.033 .ok . c

1 The proportions are based on Lists 1-6 data for pairs presented only
in Lists 1-6. and on Lists 7-24 data for pairs presented cu all 24

lists.
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pairs, here listed in ascending order of difficulty° /f : v, . z,
sh : K : g, t d, b/ As for the vowels, /a/ is the easiest,
followed by /e, o, af which are of about equal difficulty, and /i/ vhich

is the most difficult Two analyses of variance were performed to deter-

-

mine (a) whether the consonants differed significantly from one another

in difficulty, and (b) whether the vovels differed significantly from

a

one another in difficulty.
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The first analysis of variance involved the data from Lists 1-6 for
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the /a, o, u/ vowels and all consonants. Hence it was 8 6 consonant=

X 3 vowels x 20 subjects design The consonant p < vowel x subJect meen
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square vas taken as the error term in the computations of F. As E&Sie

!
T, - ’7,.

2 shows, all the main effects and two-vay interactions are significant,

b s alm s
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indicating reliable inter-consonant and inter-vowel differences in
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difficulty.
’ The second analysis of variance used the data of Ldsts 1-2h from the
Jt ¢ d/ and /p b/ pairs with the vowels /e/ and /i/ The results,‘j -
given in Table 3, indicate significant difference in difficulty between ‘
/t : &/ and /p b/ From Table 1, it may be seen that /t d/ was easier
than /p : b/. The variance attributable to vowels (/e/ and /i/ in Table 3)
was not significant hence, they appear to be of about equaL difficulty

in the present case,

Insert Tables 2 and 3 about here
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Relative difficulty of 8 and d pairs, e now ask whether a pair is

more difficult when the correct judgment is "different” (d) than when the
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_‘2614 ahd 375, respectively)

correct Judgment is "same" (s) Table b erfirma that detection of the

1{; «1;..-1 .'2

difference when the two meﬁbers of the peir contein different eonsonantl

<
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is the ‘more difficuit‘task. Por the s pairs, the,error netes in Ldsts
1-6 and 7-2h were Ohl and 030, respectively, while the corresponding
riguree for the d peirs were .075 and O. 3h A sign test in which the

total number of errors on 8 peirs by a given auhject was paired with hie

totel on the d peirs was significant at the .0l level on Ldste 1-6 but
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vas not significant on Lists 7-2k date, On /k g, pairs, 63 u{ of the
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errcrs vere "s" reSponaes to d pairs. The corresponding tiguree tor

/t i d) and [p: b/ vere 63 2$ and 62. 51.‘, reapectively Y
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The errors on the d pairs wereﬂclassified according to rhetaer»the

LR

voiced phonemes /g, d, b/ appeared in the first or second sylleble of ‘the

~7 r .- \_‘,

Ayl
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pair:'
comprised 65 o$, 66 3$ and 55 2$ of the /k g, Jt:: d/ and /p b/

errors on d pairs, respectively (N the'nnmber of dbservations was 123,

- Pt + H

'Ceees ﬁhere the volced phonemes appeared in ‘the first uylldble

N

:

__gggigg The prOportion of errors over all subJects ehd pairs

L¥ ek

decreeaed from ll in the first list to 02 in the last list of the
experiment. These proportions were computed for sets of three succeseive
'11sts é&nd appear in Table 5. The divieions “between the daily sessions

occurred after Lists 3, 6, 12 and 18. Since no abrupt increase in errors
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albeit slowly. i‘rom Tabie L, 1t is clear that most ¢f the ieo.rning

“OECUrYed on the 4 pRirsT " A 'ugn test in-vhich the'“proportion" ‘of ‘errors-

’Na\; . a

on 4 pairs in Lists 1-6 for a given. subJ'ect vas peired with his proportion
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{ Siadny ""ﬂf % whﬁ“ RS AT SISt W R . ey F A @ . ‘ o
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‘ Toamdat. oespa 2T R nd e e, g’.,,_”
among models cannot be made 1in the abaence of suffi\.ient erroi's. e
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Error ratea on the Eirs presented in gilot atud:.en. A ndix ¢ 1
ATU L, ey ey GEund tana g ~y R ‘
ﬂ 1iats the praportion of errors for each type of pa.ir rasented 1n the x ‘.
1 fn VU0 e e 3\“
two pilot axperiments 1nterven1ng between Experiment.a T a.nd I1. “For the
g firit pii& study, the proportions are based ona total of 1872 observa- ;
5 tions from six euﬁ,jecta, vhile the number of cbservatione from ea.ch of
‘ nine subJects 1n the second pilot study was 72 per h-concept. The
proportion of errors was highest (. 28) for the h-concept. consisting of
the /so : tso/ pa.irs , and varied between .17 and .00 for the other
h-concepts.
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Relative difficulty of consonant discriminations. Table 6 classifies

the pairs of syllables according to their vowel.memter Eér”éééh"séf"or
pairs that present the same consonant contrast and 1ndicates the propor-
tion of errors for each class. The rows and columns of Tuble 6 are ordered

in terms of increasing difficulty of pairs in Lists 1-6 reading from

Insert Table 6 about here .

Coages e e N ;
pAl a3 S Tt

top to bottom and from left to right.» The Lists 1-6 column of Table 6
Lshows that the order of difficulty, here l*stemuin ascending order, 18 the
" following: (l) the fricative -stop contrastr /k x/, (2) the plain-
pelatalized contrasts, /a ¢ dJ/, /1 : 13/, /n : n3/, /z : zJ/, /a : 8 /;
(3) the stOp contrast /k 3 g/, (4) the fricative-affricate contrast

/s : t8/; (5) the dental and lsbial stop contrasts /t : 4/ and /p : b/.

The /p : b/, /t : 4/ and /k : g/ pa;re exhibit thereeme order\of
relative difficulty as dbtained in Experiment I In fact, 1t is instructive
to compare the error rates in Lists 1-6 for the 1tems that appeared in both
Experiments I and II. For the /t : d/ items the error rate of 077 in
Experiment I contrasts with the .220 value obtained 1n Experiment II.
Likewise, the proportions of errors on /p : b/ 1tems are .139 and .222
in Experiments I and II, respectively. For the [k :vg/ pairs, the cor-
responding figures are .067 and .1ll7. The proportioms of errors on the
/k : x/ and [z : 2}/ pairs are relatively low compared to what one would

expect from the pilot data, although for the [z : zj/ pairs the error

=14
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Consonant

TABLE 6 ‘

- Proportion of Errors on Each Set.of Four Pairs .
which Present the Same Consonant Contrast and Contain

Contrast Ja/
/4 2.4/ -
[k x/ -
‘lifigljf .050
ey -
/23 23/ -
/87 83/ -
/x : gf .060
/s :ts/ .142
Je 2 af .131
/p : b/ .119
Mean, Lists
1-6 .108
7-24 124
1-2k 117

1/

019

.018

.0kg
.0%6
.085 -
104

204
.283
.219

-139

.125

Vowel
fu/ /e/
142 -
.10k .166
.165 .238
.151 L1k,
151 .162
118 l.aug
.131 .163

the Same V’owel1 - Experiment II

281
-179

.210
.149
173

Mean, lLists
1-6 7-2k4
.019 -
.033 .013
.0h9 -
.056 -
067  .092
.10k - 7
117 -
.168 <147
.220 -
222 .40

1 The proportions are based on Lists 1-6 data for pairs presented only in
Iists 1-6, and on Lists 7-24 data for pairs presented in all 24 lists.
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rate increased from Lists 1-6 to Lists 7-2h.
An items x subjects analysis of variance was performed on the Lists
146'§ldin-pélatalized items. Both the concepts and subjects sources of
* variance vere significan® at beyond the .00l level (Table 7) indicating
signiti:ant 1ﬁter-concept and inter-subject differences.
if we judge the relative difficulty of the vowels on the basié ‘f
" all the pairs presented (Lists 1-24 data) the vowels ranked in order of
increasing difficulty are: /a, f;'u, e, of. Noté’ihat;‘asfin Experiment
I, the stops preceding /i/ are difficult. Table 8 presents the results
of ‘the Lists.1-6 analysis of viriance Por éach of the.'tonsonsnts’/s : ts/,
Jt7i-d/, /p : b/ with each of the vowels fd, e, 1, 0; u/. Ail the néin

effects ‘and two-vay interactions are highly significsnt. * . * °

- . . ‘a
PO B . . . . EE 5 IO . ne, L Lo
: 5 . oo . EMAPRRWE « . N Teea TS

- Insert Tables 7 and 8 about here

* - - . . . . y - .
- soe s T -~ . [ R . L O -~ B " AN
i e ——— 3 e _— A L] Z e P Pk

- - . As in Experiment I, thé number of errors.on volceless :-volced ..

and on voiced : voiceless”gfpairs were‘éompéred: For /p : b, /t : df

"and /k : g/ 54.7%, 60.3% and 66.7% respectively of the total érrors on'd
pairs occurred on voiced : volceless pairs. The table 4186 ‘Shows that’
voiceless g'péirs are harder than voiced s pairs. Cembining ‘this with the
prévious finding, and without offering an interpretation, wé may say that
pairs whose second syllable is voiceless are harder than pairs whose -
gecond syllsble is voiced. Also, 65.9% of the errore on /s : ts/ 4 pairs
occurred when /s/ was first. A regularity which undoubtedly is related

to this order effect is that s pairs involving either /s/ or /b/ ylelded

-15-




consistently more errors than s pairs involving either /ts/ or [p/
respectively.

We turn now to the effects of the vowels on consonant discrimination.
The relevant data nere are the column entries for a given vow of Table 6.
The order of difficulty generally agrees with that found in Experiment I,
since pairs containing /i/ are most difficult, and those containing /a/
are easiest. However, while the pairs containing /c, e, u/ were of egual
difficulty in Experiment I, the /u/ pairs in the /p : b/ and /¢ : 4/
h-concepts appeasr to be relatively eusier this time.

Proportion of errors computed over all subjects and vairs for each

list. Figure 1 shows the mean learning curve. For the first six lists,

each data point represents two thousand observations; for the last 18
l}ists, each point represents 1,040 observations. We note that nearly

all of the reduction in' errors occurred between Lists 1-6 and between

Lists 15-24. Alsc, it is interesting to note that the curve appears to

Inabnt<£ig:ﬁl about here

be -approaching an asymptotic proportion of} errors which‘igwdcfinitely
greater than zero (about .10). In the analyses immediately following,
the learning curves are considered separately for each of thngarious
categories of pairs.

Relative difficulty of 8 and g pairs. When the data for those pairs

vhose correct response is "same" are tallied separately from those for

which the correct response is "different", trends indicated in Table 9

-16-
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' emergé. As oné would anticipate from theé preceding analysis, the decline
in érrors is rather slight. For the" 8 pairs, the proportion of errois
fell from .081 in ILists 1-6 to .07l in Lists 7-24. On the corresponding
lists, the proportion of errors on d pairs dropped:from .223- to .186. In

agreement with Experiment I, most- of the improvement occurs on the 4 pairs,

7+ © - Insert'Teblé 9 about here T ¢

@ven’ though there is more room for improvement on s pairs in'the"present
.experiment. than in Experiment I. .To compare the performance .on. the 8 .
and 4 pairs which appeared in g111ists used in-the experiment, two sign
“tédts were run. “First of all, when the numbér of errors by a given
" g@bject ‘on’ the' s and ‘'d items were paired; (ytelding: twenty-‘pairs) , -the"
.“d pairs proved to-be significantly more difficult. -For Lists 16, and
again for Lists 7-24, the difference was significant at the .01 level:-

To ascertain whether there wds any significant improvement 6n-Lists 7-2k

a " from Lists 1-6, a sign test was run on the s pairs, and another on the 4
pairs. ' Each subject's proportion correct in the earlier lists was paired
with his proportion in the later lists. ?For'the*g_p&i¥s, the difference
4n proportion correct between Lists 1-6 and Lists T-24 was not significant.
.For,thé:gpairs,,l7Adifferences were in one direction, indicating signi-

f | ficant improvement (p < .0l).

Proportions of errors for pairs classified by consonants or by vowel.

3 By comparing the sixth and seventh columns on Teble 6, it may be seen

that improvement oc¢curred onh all those consonant contrasts which appeared

-17-




on all 24 lists, except for the /z : zj/ pairs. Likewise, comparison of
the next to last row with the preceding row reveals improvement on pairs
- containing vowels other than /a/. When the proportions are computed
over only the /p : b/ end /s : ts/ pairs (to allow for differential elim-
ination of certain vowels in the selectioﬂ of pairs for Lists 7-24),
improvement is indicated for the /a/ pairs also. Figure 2 gives the plot
of the proportion of errors in sets of six successive lists for the pairs
which appeared in all lists. Each data point is based on 2,400 obser-
.yitions for the /s : ts/ and /p : b/ pairs, and on 480 observationms for

{

Insert Fig. 2 about here N C e e

the /k : x/ and fz : zj/ pairs. A comparison of the /8- ts/ and /pji,b/
curves reveals no difference in the initial level of learning (Lists 1-6)
but a wide difference iu learning rate.

Table 10 presents a more detailed breakdown of the learning date. -
The /k : x/ pairs were excluded from this tabulation of the proportion of
errors over sets of six successive lists, since the proportions were .
negligible for these pairs. The proportions for the /z : zj/ pairs are

based on 120 observations. The proportions for .the other pairs are based

Insert Table 10 about here

on 600 observations each. Among the pairs involving /p : b/ and /s : ts/

it is clear that the s pairs are easier than the d pairs. In the absence

-18-
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Proportions of Errors on Various Types of Pairs on Sets
of Six Successive Lists

Type

fo : b/
/o : v/
/p:d/
/p:p/

All /b’ P/

¥

/s : 8/

/s : ts/
[ts : 8/
[ts : ts/
All /s, ts/

[z21 : zi/
[zi : 231/
[231 : zi/
[z31 : 231/

Ml [z, 23/

All items .

1-6

.068
47
.210
.162

.222

075

.337
.200
.058

.168

067

.033
.125
.ok2

. 067

.183

TABLE 10

T7-12
.037
.313
.183
.143

.169

.085
.368
.188
.0l3

171

.067
.100
.125
.050

.085

.163

Lists

13-18
.047
.287
173
-133

.160

.108

275
137
.045

141

175
042

.233

135

.149

19-24
.032
.158
.090
.080

102
.262
118

.033
.129

.100
.008

075
033

.054

. 104

The /k : g/ and /t : 4/ items were presented only in Lists 1-6.

The proportions of errors were /g : g/ - .039,

/e : k/ - .272,

/k: g/ - .097, [k:k/-.007, fd:df - .068, /[a:t/ - .40,

[t : d/ - .215,

and /t : t/ - .137.
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- of statictical analyses, we may roughly say that learning is seen ‘clearly
on all four pair types involving /p : b/, only on the /e : ts/ d pairs,
and it is not appreciable on the /z : zj/ pairs.

Individual learning curves. Figures 3-7 display the proportion of

errors. computed over sets of three successive lists for each subject.
From inspection, it appears that there are considerable inter-subject
differences in the forms of the learning curves. A systematic interpre-
tation of these date will be deferred until after the mathematical models
have been presented in the next section. Table 11 gives the proporticn

“of errors, computed across all lists, for all subjects. It is clear -

Cont

. Insert Figs. 3-T about here

.
BRI

that there are substantial individual differences in discrimination’

\
PR o

Insert Tables 11 and 12 about here -

2

-

proficiéncy. The proportion of errors for individual subjects ranged
from .01 'to .278. Table 12 gives the results of the computations of”
mean and variance in total errors for subjects in 25th; 50th, 75th amd-
A

100th percentiles in total errors. T

- . Pests -cf response independence.’ The first analysis sought to° aster-

tain 1f the probability of a correct response was independent of:the *

correctness of the response to the immediately pre.-ding pair. ~There-"

fore, the probability of & correct response to &:pair, given an incorrect

-19-




response on the immediately preceding pair, was compared with the proba-

bility of a correct response, given a correct response to the preceding ..

pair. One shortcoming of this independence test is that the proportion

of correct following incorrect is computed largely from the slow learners,

difficult pairs, and early steges of learning, while the proportion of
correct after correct is based largely on the fast learners, easy pairs,

end later stages of learning, An attempt to minimize this bias was made

- by computing the proportions separately for each subject and for each

quartile of trials before the trdal of last error.  Appendix D gives -
the individual conditional proportions for each quartile, as well as the

means over subjects. The p(correct|correct) entries are based on an

e g PSP [T

average N of 50.5 while the average N for: p(correct|incorrect) is 328.
- The mean proportionmof.correct-following~correctwexceedsﬂthe mean pros..
portion of correct following incorrect by .048,.0G7, ,005 and -.Q0k in
the first, second, third and fourth quartiles, respectively. After
pairing the two conditional proportions for each subject,:a sign test
. was.run. on the data of each quartile. The difference.is significant at
the .01 leve. for the first:quartile and not significant thereafter.-
Thus, the probability of a correct response appears to 5e.independent of
the correctress of the preceding response after the first quartile. .

The hypothesis that the response is irdependent of the immediately
- preceding pair type (s or 4) was tested next. Since the reinforcement
after each response informs the subject as to whether an 8 or d item had
been presented, we in effect tested the assumption that the response is

independent of the preceding reinforcement. The data from &ll subjects

-20-
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Subjects' -
Percentile in Total Errors

Total Errors Mean ‘ Variance
0-100t | 159.6 ~ 8338.50
75-100 | 56.4 100.68
50-75 - 126.6 217.0k
25-50 : 172.0 . 553.20
0-25 293.4 1934.64
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This percentile range includes all subjects.
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were pooled and four fas were computed. The first two were chi-square
independence tests computed for %he case where the pair on the present
(not preceding) trial was an s pair, one from the Lists 1-6 data and
another from the Lists 7-24 data. In like manner, two Xzs vere com-
puted for the case where the pair on the present trial was a d pair.

Table 13 gives the chi-square values obtained under the four conditions.

Neither of the X?s on the Lists 1-6 data are statistically significant,

although both approach significance. On the other hand, for Lists T7-24,

Insert Table 13 about here

responges. to the s pairs are dependent.on the pair type presented on the
preceding trial. (3 = 6.173, d.f. = 1, .01 < p <..02). A comparison

of .the observed and theoretical frequencies from which the significant
~X? was computed revealed that the observed frequency of correct response

on-an 8 pair; given an g pair on the preceding trial, exceeded the predicted

frequency. Hence, by necessity the observed frequency of correct responses
1 on an 8 pair, given a d pair on the preceding trial, fell short of the
3 predicted frequency.

Analysis of variance of item and subject differences. First we ask

vwhether the variance in total errors is due primarily to inter-subject
differences or to differences in difficulty of various L-concepts. To.
E answer this question, a 20 subjects x 12 "hard" k-concept analysis of
variance was run,.in which each cell entry represented the total errors

on a given L-concept by & given subject. As Table 14 shows, the variance
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due to each source is significant (p < .001). Therefore both the inter-
subject and inter-concept differencec are considerable. A second analysis
represents one of the preliminary attempts to determine whether the lin-
guistically defined concepts are responded to "ag units". That is, if

the /p : b/ pairs, for example contain.cormon cues which are a basis

Insert Teble 14 about here

for including all of them in the same concept, one might expect some

"y ransfer" between learning one subset of /p : b/ pairs and learning of
another /p : b/ subset. It seems natural to choose as the subsets of
each 20-concept the L-concepts included in the particular 20-concept.

(We recall that there are five li-concepts included in the /p : b/ concept,
since the /p : b/ pairs mey appear with any of the five vowel phonemes.
Likewise, there are five 4-concepts included in the /s : ts/ concept. The
data for the [k : x/ and /z : z}/ pairs are less appropriate to the analy-

sis, since each type includes only the l-coneept involving the vowel /1/).

Tt seems that a rough index of "transfer" across b-concepts within the

same 20-concept may be obtained by comparing the correlations between.
total errors by a subject on one h-concept and another. A correlgtion
coefficient for each pair of 4-concepts was computed by matching each
subject's total errors on one 4-concept with his total errors on the
other lW-concept.

Table 15 presents the cofrelations between the number of errors on

each pair of lU-concepts, and the mean and standard deviation of the
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Values of X° Obtained in Tests of Hypothesis that the
Response on Trial n is Independent of the Type of
' e Ttem Presented on Trial n - 1 - .
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Item Type on Lists
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| Analysis of Variance - Hard 4-Concepts x Subjects; Lists 1-24

Source of Variation d.f. Mean Square F "
4-Concepts 11 530. 34 10.36"
' Subjects | 19 731.45 14.29%

H
. - k
. .

| b-Concepts x Subjects 209 21.17

| *p < .00L : '
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number of errors on each concept. The coeffic.ients range bptypqn 135
and .967. The entries enclosed by che same triangle represent correlations

between pairs of 4-concepts included in the same 20-concept, The table

-Insert Table 15 about here

.reveals that, without exception, the correlations betwesen total errors
onﬁpq;rs;pgvkfpongepts*are higher vhen the lL-concepts are included in ;pg
.ngamgiangggcept,;han when - the two‘h-gonqepta are trﬁm g;fggxsnyi?Q%ggq@Hi
cepts,. For the /s : t8/ pairs, the intercorrelations are remarkably high
(.792-967), .¥hereas the maximm correlation between an./s :.ts/ l-concent
.end a.non=/s 1 ts/ k-concept is .608. These high 1ntgr99rrg;gtiq§ng1thin
a 20-concept contrest with the much“lowgr\coxrglgtipns.bquegph;oﬁg;‘q;ggrs
on /p.3-b/ and /s : ts/.4-concepts which involve the same vowel phoneme
(.8, the correlation betveen /pa : ba/ and /sa : tes/ errors.is.,357)..

The intercorrelations within a 20-concept. indicate some ledrning of the..

general concept {e.g., /p : b/), but the lack of perfect correlation .. . ;(

indicates that each. lk-concept also presents unique stimuli to thgﬂgupjggt. B

.. A more sophisticated way of studying .transfer across 4-conceptn within j

_ a 20-concept. 18 to examine the consequence of assuming that transfer. 1s. é
> ' g
r perfect, i.e., that all presentations of a given 20-concept represent. 5
t repeated trials. on that concept. This way of loog;ggﬁgt the.pggb;qpfig ‘
developed later. in connection with the application of the one-element. . :

| . . ;
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4, LINGUISTIC INTERPRETATION OF RESULTS

In this section, the results which seem particularly pertinent to
the application of linguistics to teaching of ‘a Becord langusge are summar-
ized and interpreted. |
. Several limitations of the study should be borne in mind at the out-
set: (a) auditory discrimination was at issue exclusively, a much narrower

field than the usual dimension in language learning; (b) the recording

and playback spparatus although edequate, was not of professional quality;
(¢) w single native speaker was used throughosit; (@) the subjects vere
hoinogenaous only in that they were students at Stanford University, and they
414 ‘not Xnow Russisn. With these reservations, we now note ‘the results

Wiléh may have wider implications for second language learning:
" Lsarning. As a result of sbout 125 minutes' exposure tc the stimulus

" material snd reinforceménts of Experiment I, a fair smobunt of learning
occrred; Under the schedule of cne 25 minute sessiocn’daily for-five
consecutive days, the overall proportion of errors dropped from 11°/o

on Iist 1 to 2°/o on list 2k. For Experiment II, with approximately the
sam> éprnure time, the drop was from 22°/0 to 10%/0. (See Pig. 1).
‘Experiment I suggests that additional presentations of the volced-voiceless
contrasts might result in nearly perfect identification of them. On the
other hand the failure to ritald perfect performsnce in Experiment IT
suggests a not-surprising limitation in the pedagogic effectivenass of

the experimental design. One possible technique for improving learning
would be to sbandon the random presentation order in favor of repeated
trials on the same concept.

The fact that in Experiment II the reduction of errors occurred
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primarily vithin Lists 1-6 end Lists 15-24 points to the plateku-type

‘of language amcquisition rather than continuous ‘f!.eaming.
8 and 4 peirs: When the two members of a pair aié the same, 1t is

easler to ldentify them as such than it is %o {dentify ae differént the
metbers of a d pair. ‘Tn Experiment I, the oversll érror rate on d items
was 5°/o, end dropped from 7.5 /o on Lists 1-6 to 3,4%/0 on Iists ;(-'2#.
(See Teble k). By contrast, the oversll error rate for s iteiis ‘was'3.4°/o,
and the drop was from b%/o to 3°/o. The seme findingsi’wére;fr&e“:’i’ﬁr"
"‘Pxperiment II, vhere the over-all error rate for 8 peirs was 7.5%0 (with
. a avop from 8.1°/0 on Lists 1-6 to 7.1%/o; on Iists 7-2), and for 4’
pairs 20°/0 (with a drop from 22°/o on Lists 1<6 to 18°/0 on Lists 7-2h.)
This suggests that 1t is useful to present the material in thé"h-cbﬁéeﬁt
epproach of the experimental design in order to teke advantage of the’
lover ervor rate of 8 pairs and the higher learning rate of 4 ‘pairs.
However; d pairs should also be presented at e highér ratic ‘thdn s pairs. .
Thet phonemes should be presented in pajrs rather then indivi&nalli,
wes nov tested in view of experimertal iiterature availeble, e.g. A
Pollack's (1952) findings on compsrative versus individually presented
dounds, which showed that a giest many more scunds could be distingiished
when presented in comperison. - S I
It 1s.also .interesting to note that, as intended, learning proceeded
in terms of phonemes. and not allophones, and that over-discrimination of
consonant allophones in s pairs end of vowel allophores in d pairs did
not seem to occur. ) : S

Consonant difficuicy. The consonants exhibited & definite order of




difficulty. (See Table 1). Generally, fricatives were more readily dis-
criminated than stops. This is due in part to the random noise character:
istic of the former, usually more easily recognized than the complete absence
of enargy in the pre-released portions of the stops; but perhaps even more
important here is the phonetic similarity of Russian and English fricutives.
This is not true of the stop phonemes where the Russian voicelégs'stOps
are not highly aspirate as their English analogues are, and the voiced
ones are fully voicgd, sancF, due to their own linguistic background,
the subjects had difficulty in discrininating tetwezen voiced and voiceless
stops in Russian. The order of difficulty within the stops was unexpected:
discrimination of labials, /p, b/, proved more‘difficult‘than that of
dentsls and velars, /t,d,k,g/, contrary to accustic tests on burst per-
cep@ion:

‘The fricatives of Experiment I, /£, v, 8, z, sh, zh/, were ﬁot .
included in Experiment II, whereas the stops wvere, with the addition of
the pairs /d : 4), k:x, 1:1), n:nj, 232, 8:8) 8: ts/.
(See Table 6). There is a striking difference, between Experiments I
and II, in the error rute on those items which were presented in both
eiperimenta. The difference in total exposures, as listed, although con-
siderable, probably is not solely the cause of the difference: (™e

eﬁtries are the presentation frequencies for a given subject.)

/P:b/ /t:d/ ‘ : /k:S/
Exp T 480 480 ‘ 288
Exp IX 300 120 - T2
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 We also ruled ont the possibility thaet the suhjects in Experiment I
were more sophisticated linguistically than those in Experiment II. The
questionaire data on their prior languege training indicates that the two
groups were comparsble. It seems most likely that the inter-experiment
differences in error rate on items commna to both experiments is due to
effacts of the items unique to eech experiment. In Experiment I, although
both. fricatives and stops were used, they were contrasted only within each
of -the two categories, and not across categories. Furthermore, the dis-
crimination of the fricatives was quite easy so that the subjects could.
focus their attention.on the stops. In Experiment II, on the other hand,
in addition to the stops of the previous experiment, more difficult
Russian consonant phonemes in relation.to the English phonemic system
were introduced, and contrests were presented across categories, .€.g.,

/x : x/, stop : fricative. Thus, ti.. construction of lists for Experiment
I1 vss more intricate by far, and each pair required the.subject tp make
a mumber of decisions in discrimination.

Another finding cen best be interpreted in terms of a feature analysis
of the phonemes, namely, the error rate of d pairs begiming with a
voiceless consonant was consistently lower then that for peirs beginning
with a volced conscnant. For exemple, many more errors were made on pairs
of the /ba : pa/ type than on those of the /pa : ba/ type. We could.
therefore say that the addition of the feature of voicing to.the second
member of the pair mede for better discrimination then the presentaticn
of this added foature with the first member. In regard to fricative :

affricate, however, the higher proportion of errors occurred consistently

27




.

vith the fricative as the first member, rather then the affricate. This
{8 consistent w.th the interpretation of the affricate as & strident

consonant rather than as & stop plus econstrictive, a fact demonstrated

by the lack of any intervening intensity minimum when the speech wave is

enalyzed as a function of time. (Jakobsor, 1952).
Vowel difficulty. The date on the error rates of vowels in the two

T VTR R T T

éxperiments ere not quite comparsble beceuse only plain consonents vere
used in Experiment I, and plain end palatalized consonants in Experiment
II, which tequire different vowel allophones; -For Experiment I, the low
cenitralfu/ affects juiging of consonents ‘th;t precede it the least. The
back vowels fu/ and fo/ affect judgement to some degree, gbout equally
for both voweis. The front vowels have the most marked effect on dis-
criminaticn, with /i/ causing much greater difficulty than fe/. (See
‘Pable 1), | o |
%75 8inée the allophones of /i, apelled "" and "bi" respectively,
after palatalized and plain consonants are gquite different phonetically,

" the Bxperiment II items may be divided into two sets: ome, plain contrasts
only, and two, plain and palatalized contrasts. If we consider only the
latter part of the experiment, in aidition to the ‘small absolute mumber
of occurrences of /i/, the importence of the high error rate becomes
apperent. This is not surprising in view of the nature of the Eng.ish
vowel system which causes the subjects to perceive the high front and
high central allophones of the Russien /1i/ as two separate vowels, a fact
not true of the allophones of the other four Russien vowels. A correlate

3 can be found in Halle's (1959) formant frequéncies, computed from stationary

=28«




portions of sonagrems, or if no such portions were available, from the
middle point of the formant (p. 115):

/p/ F 230 hgo 730 ugo 235
r, W75 1875 1250 700 550
ry 2125 2500 2200 2125 2150
[ T 150 k25 S0 . 50 300
F, 2150 1900 1375 1000 575
7y 3000 2625 2250 2200 2500

The phoneme /i/ has by far the greatest discrepancy of forments, a fact

ﬁth vhich our findings correlate.

In. sumary, except for (i) the discrepencies from a predicted order
of difficulty which was based on discriminaiion and production rather than
ox_u& on discrimingtion, and (ii) the relative difficulty of the discrim-

3 ination of bilsbials, the experimental linguistic findings fulfill most
| of the expectations resulting from a co_ntrastive phonemic analygia of

Russian and English.




5. QUANTITATIVE APPLICATION OF STIMULUS-RESPONSE THEORY

In the preceding sections, we have attempted to present in consider-
eble detail the empirical results of the experiment, with little emphasis
on a psychological interpretation of these results. In this concluding
section of the Report, we turn to a quantitative analysis of the experi-
mental data in terms of one fundamental stimulus-response theory of
learnin,. The basic theory we apply originates with Estes' paper (1950);
a large mumber of other investigators have contributed to the development .
of-the theory in:thécpesd.decade.

In a highly simplified form, the basic ideas are as follows. The
orgenism is presented with a sequence of triaels, on each of which he makes
a response that is one of several possible choices. In any particula.r
experiment it is assumed that there is & set of stimli from which the
orgenism draws a sample at the beginning of each trial; it is also assumed
that on each trial each stimulus is conditioned to at most one response.
The probebility of making & given response on any triel is postulated to
be siuply the prcportion of sampled stﬁmli conditioned to that response.
However, if there are no conditioned stimuli in the sample, 1t is post-
ulated that there is a "guessing" probability for each response, and this
guesging probebility is independent of the trial number and the past
sequence of events. ILearning takes place in the following way. At the
end of the trial, a reinforcing event occurs identifying that one of the
possible responses which was correct. With some fixed probsbility the
sanpled stimuli become conditioned to this response if they ere not 8o

already, and the organism begins another trial in a new state of condition-

ing. The sequence of events postulated to occur on a given trial may be




1llystrated by the following diegram:

state of stimali - response
conditioning ) sampled - made -
reinforcement reconditioning new state
occurs o of sampled —> of
stimili conditioning

Note that the trial begins with a certain kind of conditioning and ends
with a nev state of conditioning. This change of conditioning represents
the most essential part of the learning process. (A more sxplicit

formulation of these ideas is to be found in Suppes and Atkinson (1960)).

P WS RS S
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The four basic models we wish to describe here may be viewed ag

special cases of this general theory. Roughly speaking, they correspond’
to sssuming that different numbers of stimuli are availeble for sampling

Z7

B
X
X,
LS
y
g
Y

on every trial. In this sense the different models correspond to' postulat-
" ing that a different mmber of etimulus components or patterns are sampled
from the CV pairs presented to the subject on each trial in the present:

experiments. ,

. One-element model. A simple model, and one that has proved empirically

highly satisfactory in a wide range of experiments, is the one for which
it is postulated that there is exactly one stimilus element which is
availsble and sempled on each trial by the subject. A mathematical model
that arises from this simple one-element assumption can be described inm '~
the following way. On every trial the subject is in one of two states:
either the single element is conditioned (state C) to the corrvect response,
in this case the verbal responses "same" or "different", or it is uncomn-

ditioned (state U). We formulate the mathematical background of the
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model in such & way that the subject's behavior forms a Markov process in

these two states with the trensition matrix indicated below. ;

state on trial n . 3
o 1

C U " ?
gtate on ¢ 1 ° ‘1
shrdalbnsl U ¢ 1l-c 1

The meaning of this matri# igs simple. When the subject is in the uncondi~
tioned state there is a probsbility c that he will move to the conditioned
state. Once he becomes conditioned he remains 80 as indicated by the
probebility 1 . Secondly, Ve .postulate that the subject gueeses the
correct response with probebility g when hs is in the unconditioned
state and responds correctly with probability 1. .when he:is in:the. .. .
. conditionsd state. o | o

. From a psychological standpoint-the simple one-element model repreaents
conditioning as an all-or-none process. The assumption of s constant guess-
ing probability on each trial before conditioning implies that there is.a
binamial' distribution with parsmetler g ‘of responses prior to the last
error. This observation has important consequences for the analysis or
experimental date, the most importent one being that the mean leurning
curve, vhen estimated over responses prior to the last error for eeach
subject, should be a horizontal line., This 18 because on all trials prior
to the last error the subject must be in the guessing state. Therefore
his probability of making a correct response is constant (and equal to g )
to these trials.

The obsezvation that according to the model responses prior to <he

32,
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last error have a binomial distribution, suggests the consideration of a

number of goodness-of-fit tests. The virtue of these tests is thui they
rermit a genuine statistical evaluation of the null hypothesis that the
model fits the data. Following the more detoiled discussion in Suppes
and Ginsberg (1961) there are four tests that are appropriate to ..pp]y
The statistical properties of these four tests are well lmo\m in the

literature and d.o not need to be diaoussed here.
Sta.tionaritx. The tiret and most important test concerns the property

already mentioned, numely that the meo.n lea.ming curve when estimted over
the responses prior to the lust error is a horizontal line The o.ppro-

YN

priate test in this case is the statisticel test for stationarity,
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formlated in terms of the null hypothesis that +there is no changs in the

7

proportion of correct responses over trials prior to the last error.

For oL i wemar,
% E

Ietting the verisble t run over blocks of trials the appropriate chi .
square test is as follows: ; o _ e

T e T A . o (t I

£ 1 n (tW

vhere 1 =0, rl,“ni(t') ‘18 the mumber of correct (1 = 1) or incorrect
(1 = 0) responses in block t, n(t) is the total number of responses in
block “t,"rni .4p the number of correct (or incorrect} responses summed

- over &1l blocks, and N. is the total mmber of responses summed over all

blocks. ' The Y'> statistic has the usual limiting distribution with

E T - 1 :degrees of freedom; where T is the mumber of blocks of trials.
. (If there are m) 2 responses, the mmber of degrees of freedom is
” ~33~
[
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(m - 1) (T - 1).) Under the restriction to two responses, the expression

for X2 mey be simplified to

225 [mny(t) - nyn(s) : nna(t)
X=) _

thus eliminating the summation over 1 .

Order. The second test ccncerns the null hypothesis that the sequence
of responaas do indeed foxm a sequence of Bernoulli trin.ll, .e., tha.t
responses are sta.tiatically independent:: from one trio,l to another. The

et

altemtive hypothesis 1s that there is & first order dependence. The

l

.ppropriate formlation of the chi square test is as rollows |

2

- n -
X Z; e v/ 7

vhere J sowellas 1 is O or 1, n,, 1is the mmber of transitions
from state 1 to state J, n =-2:nm > By Z:U , and N is the
total mmber of responses, as berore. Again, )( has the usual
Liniting distribution vith (m - 1)2 " degrees of freedom, vhere m is
the number of sto,tes, here, m =2 . Acceptance of the null hypothesis
hes the strong implication that we cammot predict responses better if we
know vhether the preceding response was correct or incorrect.
‘Distribution of Responses. The third test comcerns the questiom

vhether responses do indeed exhibit a binomial. distributi).on. Because the
mmber of responses prior to the last error varies from subject to subject

-
-e

and becsuse, unless the mmber ‘of subjects is very large, insufficient

data will be cbtained bir grouping subjects togethsr, the practical way to
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test. this hypothesis is to conaider blocks o. trials in some given length,
say four.. On the null hypothesis that responses are statistically inde-
pendent a standard chi square test for goodness of fit of the empirical
histogram is sppropriaste.

Distribution of sequence of responses. We may go beyond the binomial
distribution of responses to the more detailed question of the distribution
of sequences of responses. Again we look &t blocks of a given lengtn, say,
four, . and in.this cese ask if the sixteen possible sequences of four -
regponses exhibit the sppropriste distribution. A chi squere test.may agein A
be gpplied .in axactly the menner sppropriate to the distrilution of .

ol
responses. themgelyes.,. .:. (... : , e
‘ RPNy
. , R
, »11%., 6180 may be 1emarked .that the distribution of last errors may be -
o= vl L, + v r“ '

exainad from & statisticel standpoint but unfortwnately, in the present
expariments, the mmber of subjects reaching criterion was too small to. . o
provide alequate date. = . e e

. Fhe. four ‘tés,tg. Just described were epplied to ths group dats. for
Experiment II, .However, one importent point of interpretation for ..
4 application of the model needs to be mentioned. We may apply the one-

elsment mcdel at different concept levels. We mean by this the following:
in a variety of experimnts the one-element model has been successfully

; interpreted in terms of a conditioning association betqaen & concept and
' :
1 the correct response, e.g., the concept of a geometrical form like a

!
quadrilateral or an abstract. concept nlce that of ident}lty of sets. The

association need not be between a particular stimulus and the corres
J responsé, -In the present experiments, as the preceding amlys:ls has
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already indicated, it is possible to identirly several levels of concerts.

We shall indeed apply the model to the l-concepts, L-concepts, and 20-

concepts already defined..

-

Two-element model. Because the one-elzment model does not adequately

£it the data of Experiment II, it is necessary to consider additional,
more complicated models that may be derived from the fundamental theory.
The next step beyond postulating that conditioning is an all-or-none
process is to postulate that learning takes place in two stages. In
particular, we assume that associated with each situation are two stim-
ulus elements and, therefore, that the learning proceeds in two stages
cf all-or-none conditioning. Each of these two elements 1s conditioned

on an all-or-none basis but the two parameters of conditioning, one for

" each element, may be adjusted to produce various incremental effects on

the response probabilities. Iet ¢ and < be the two ¢lements. The
basic learning process may be represented by the following fouvr-state
Markov process where the four states (o,7), ¢, T, and O "represent

the possible sitates of conditioning of the two-stimulus elements.

(o,3) o < "~ 0

(0,7) 1 o 0 0
o b'/2  l-etjf2 0 0
T b' /2 0 1-b* /2 0
0 o af2 a/2 1-a

Because we do not attempt experimentally to identify the stimuli o and

»36-
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7, this Markov process may be collapsed into a three-state proceas,iwhbse

states are simply the number of stimuli conditioned to the correct response.
Tn the mstrix shown above & is the probability of conditioning at the
second stage. The division by 1/2 in the matrix simply represents the’
' equal probability of sampling one of the two elements, - If we conéider
only the number of stimuli, it is conveniernt to replace %}- by b and

we obtala the‘transition matrix shown bel

2 1 0]
2 1 0 0]
1 b 1-b 0
0 0 & l-a
To complete the descript.cn 07 *he process we asscciate with the siates
0 and 1 +he guessing probabliiities &g hete! £y “nis means that we

now have a process with four free parameters, the conditiouing parameters
a anrd b and the guessing probahilities ‘go and  g. In actusl fact, .
in terms of the methods we shall use for analyzing dsta, these four para-
meters are reduced to three, because we shall only consider response data
prior to the last error. This means that the second conditioning para-
meter b will not enter into the analysis of data, for the subjects must
be in scate O or 1 prior to the last error. Necessarily a transition
from state 1 +t0 2 carnnot have occurred at this stage.

Estimpatior of thr. three parameters can be approached in & number of..
ways. In the application considered below, we shall restrict ocurselvea

to a conmsideration of data from individuml subjects, that is, the estima-

-37~

PRRIC_

e - - e ~




tion of parameters skall be for inGividual subjects and not for group
data. This introduces a comnsiderable airplification both in the esti-
mation of parameters and the analysis of goodness of fit. It has the
particularly desirable feature of elimineting any probiems concerning
homogenéity of parameters acroi’s subjects.

When learning data for individusl subjects are considered, it is

Einthe sl d et i Sl

apparent what sort of learning curve is predicted by the two-element model.
The learning curve is simply a step function with the first step being at
levels 89 the second at level 8 and the third at level 1, correspond-

ing to the probability 1 of a correct response in state 2. From analy-

B M M A St A B

sis of individual data it is of course impossible to tell exactly when a
subject passes “.um state O to state 1. What we have done is to apply
& meihod of least squares in ohe foilowing manner. We divide the data
for each subject into octiles preceding the lest error. On the assump-
tion that the transition from state O to state 1 occurred at the

Jth octile we f£it &g and 8 by the method of least squares. This
estimation is performed for each octile. We then select as the point of
transition from state O to state 1 the octile which has the minimum
least squares deviation. The eguation for the least squares function

£(j) for the Jth octile is as follows:

J 2 & 2
(1) ‘;-(J)=x)_’_ (x, - &)+ ¥ (x -'8)
Sy i gO {341 s S |
; where Xi is the observed proportion cf correct responses in the Jth
{ octile. Taking partial deriwatives with respect to & and gy, we then
t
t ~38=
1
:




obtain the following two equations, which were used tc estimate 8-

and g,: : . ' .o
A J )
(2) go = 121 Xi
3 R

: . 8
(3) g =

< : 1 £§5+l

8-3

The computaf nns are done for J =1 '2, ceey 8. The case J'= 8 means
that only state O occurs and hence is equivalent to the one-element i
model. It should be realized in passing from the one-element to the two-
clement model that any simple operational identification of the two ele-

ments is not possible. It is a common question to ask what the two

elements correspond to in the stimulus material heard by the subJec
.Various psychological interpretations of the two elements can be given,
but at the present stage of research it does not seem possible to identify
them psychologically in any experimentally definite menner. PErhaps the
most suggestive way to think about these two elements is that they cor- |
respond to the two most important asPects or prope*ties of the stimulus
material |
Because of the theoretical character of the two elements postulated
in the two-stage model, there is no real reason to restrict the analjsis
to two elements. In other ‘experimental situations (see, for example,
~ Chapuer lO of Suppes and Atkinson (l960)) the number of stimuli has been

estimated for the data Because of the relatively small number of Obser-
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vations for individual subjects, we have not attempted this extension’
in the annlysis of Experiment II. This would be possible if the data
from subjects were combined, but we feel that in the present experiment
the heterogeneity of individual subject behavior is sufficiently great

to argue ageinst this approach.

Linear model. Another alternative model that we wish to consider
is the linear incremental model with e..single operator. The intuitive

jdea of this model is precisely the opposite of the all-or-none condition-

_ing model. The supposition is that learning proceeds on an incremental

basis. Let q, be the probability of an error on trial n. Then the

model is formulated by the following recursive equation:

@ ‘ Gy = (10)g,

where O < 8 < 1. It is simple to show but somewhat surprising that this
purely iﬁcreﬁenté.l model has precisely the ’sa.me mean. learning curve‘ as
the all-or-none model if we set ¢ = 6. (To obtain this identity of the
learning curves ve must, of coﬁrse, consider all responses and not simply
responses prior to the last error.) The incremental model does differ
shlgnﬁly" from the all~or-none model in the kind of learning curve pre-
dicted foxj:responses prior to the last arror, a8 is evident from equation
(1.

lfkae estimation of 9, the initial probability of an error and 6,
the learning rat:.e , was performed ai. in the case of tﬁe two-element quel,

by minimizing the sum, over octiles of the sguared deviation bei:ween the

‘predicted and observed frequencies cf correct response. The equation

;=kio-
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used was - . e . O SV

8 1 2
: -1l
(5) fla, 0= 3 |7 - Lm0 te]
1 125. ' néo, | 1
vhere F. 1s the observed frequency of correct responses in the %Fh

i
octile, and the inside summation is over all trials in that octile. The

parameter estimation consisted in arbitrarily‘fixing 8 at a predétg;mined
value (the range .00 < 8 < .06 proved suitable and vas explored in small
increments of 9) and then computing the q, value which minimized

f(ql, 3). The Ql and 6 yielding g:'js ,f(ﬁl, 'e‘) were selected as the
parameter estimates.

Concernigg_the’psychological interpretation of the l;near_modgl, it
may be remarked that it corresponds to_assuming,that fhgre is a very large
population of stimulus elements and that a fixed proportion of“thesg ele-
ments are sanpled on every trial (or equivalently, that each element 1§
sampled with an independent probability 6). Prior to detailed empirical
investigation of goodness of fit, it is a plausiblc hypothesis that for
material as perceptually complicated as the linguistic stimuli used in the
present experiment the linear model wﬁuld it better than the simple all-
or-none one or two-element models. In this case the assumppion that thg
population of stimull is very large corresponds psycholbgically to asggping
that the subjects are responding to a very large number of‘gspécts_or
propefties of the stimulus material, ) s |

We turn now to the experimental comparison of the various models. |
We first consider the chi-square tests for stationarity,:order,and binomial
distribution of responses outlined above in connection §i£h“tﬁe ong-ele-

ment model. -
41
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Stationarity tests. Table 16 gives the results of stationarity chi-

square tests at each level of concept analysis Each X? was computed in

Insert Table 16 sbout here

the following manner. The data were analyzed in sets of four successive
responses in each protocol. Therefore, n(t), the number of responses in
block t, was four multiplied by the number of protoccls. Whegever the
responses in a given protocol met the criterion of thirty successive
correct, that protocol was eliminated from the computation. ‘The compu-
fation waé tgrminated after reaching the highest block number such that
fewer than half of the protocols had been eliminated. Tﬁe initial number
of protocols was equal to the product of the number of subjects (20) and
the number of concepts at the given level of aﬁalyeis (e.g., 4B for the
1-concept, 12 for the k-concept, one for the /p azb/ 20-concept). So

the initial block size was 3840 for the l-concept, 960 for the k-concept,
80 for the /p : b/ 20-concept, etc. For the 2l s pairs (24 concept), the
i-concept, and the /k : x/ L-concept, the results show significant non-
stationarity at the .05, .02, and .0l levels of confidence, respectively.
In all other cases,‘the stationarity nypothesis is rejected at the .00l
level or beyond. When ths nurber of degrees of freedom (one less than
the number of blocks) for a given X? exceeded 30, the normal approxima-
tion =z =¢é_)§ - V:?;:T was used. We conclude that this analysis shows
that there seems to be no obvious classification of pairs into linguistically
defined concepts such that stationarity tests on group data yield the result
demanded by the one-element model.

Order tests. Table 17 presents the results of the chi-square tests
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of the hypothesis that responses on successive presentations of a given

concept are independent of each other. The tests indicate independence

Insert Table 17 sbout here

AR PR T e

only for the /kj : xj/, /z : zJ/ and s pairs. It should be noted that
these are precisely the pairs which exhibit the lowest error rates (Table
6). PFor the lb-concept, non-independence of successive responses is
indicated at the .05 level. For the remaining concepts, the hypothesis

of response independence is rejected at beyond the .001 level. It is i..
interesting to contrast these findings yith#those in Section 3. In that
analysis, the sequence of responses examined for independence was the
subject’s original sequence of responses in the order that they occurred,
regardless of the concept type. In the present analysis "succesgive"
refers to instances of the same concept rather than to the ent;re sequence
of responses. The analyses indicate independence of successive responses,
but not of responses to successive presentations of the same concept.

‘Tests for binomial distributirn of responses. Table 18 presents

the results of the chi-square tests of the hypothesis that the distri-
bution ¢f responses prior to learning is binomial. We consider blocks
of trials of length four, and take for each subject the highest multiple
of the block length equal to or less than the total number of responses

-

prior to last error. We then sum over subjects the total number of such

.blocks and construct the histogram of the frequency of O, 1, 2, 3, or

4 errors. For the l-, 4-, /p : b/, /8 : ts/, voiced-voiceless, and d

concepts, the departures from the binomial distribution are significent

b3- | ,




at beyond the .00l-level. The only concepts whose response- distributions

Insert Table 18 about. here

are not significantly different from the binomial distribution are those
which consistently exhibit the lowest error rates. The remark made in
conjunction with the order tests, viz., that tests based on lower pro-
portions of errors are less likely to reveal departures from predicted
properties; applies here also.

Tests for binomial distribution of response sequences. Here we look

at sequences of responses, such as "error-correctfeorrect-error” within
blocks of four successive trials. There are 2“ = 16 such sequences, and
we wish to compose ‘the observed and predicted frequency of each sequence.

" Proceeding as with the distribution of responses, we perform a chi-square
test of the goodness of fit of the empirical histograms. As we would
anticipate from the results of the preceding tests, ‘ce tests of the
hypothesis that the frequencies of the possible sequences of four succes- -
sive responses are bi-omially distributed indicate significant departure

from that distribution (Teble 19). Even the concepts (except the s

Insert Table 19 about here

concept) which yielded non-significant %?s ,on-the response districc-:ion
tests yielded significant x?e on this response sequence distribution

test.




TABLE 16
r Results of Stationarity Tests
Number of .

Level of Members of ) 2' ‘ ~
Analysis ' Concept b 4 da.f. P
Single Pair~ 1 7.83 2 <02
Pairs with Same
Contrist and Same , Y
Vowel™ (4-concept) 4 52.34 16 - +<.00%L -
/p b/ : - 20 485.42 ‘89 <.001 -
/s : ts/ , 20 341.21 117 <;001
Jk3 : x3/ L 32.24 14 <.01
All Voiced-Voiceless o,

Stops 52 649.48 137 <.001
s Paire’ | 2 16.30 7 <.05
d Pairst ol 267.33 100 <.001
1

Includes only pairs which appeared in all lists.
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' Resulté éf ‘Order Tests

Number of
level of Members of

Analysis o Concept

Single Pair’ 1

Pairs with Same
Contrsst and Seme
Vowell (h—cq;’cept,-}

/v .?"1?/> |

/s 3 ts/

/3 :-x3/

[z : 23/

ALL Voiced-Voiceless
. Stops

s Pairs’

Pradanton wtin wiisr ved 0

o

!

PRUSPNURRRNE IPPCRR

a Pairs’

1 Iacludes only pairs which appeared in all lists.
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- TABLE 18
: Results of Distribution of Responses Tests -

Number of o :
ILevel of Members of oo ]
Analysis ‘ Concept X

Single Pair o 782.92

| Pairs with Same
Contrast and Same
Vowell (k-concept) - .4 33.03

' /p :%/ . 20
/8 2-t8/ 20 . 40.07
/x§ :x3f L 12

All Voiced-Voiceless
. Stops , . .52 .36.31
8 Pai_.r.sl ‘ 24 .01 1 <. 95 +1 : :

d Pairs . - 45.9% 3 <.

0 31.85

@

‘ 1 Includes only pairs which appeared in all lists.
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TABLE 19

Results of Distribution of Response Sequences Tests

Number of
Members of
‘Concept

Level of
Analysis

Single Pairt -1

Pairs with Same
Contrast and Same
Vowel* .(4-concept) TR

/o 2%/ 720
/8 ¢ t8f : .- 20
/&3 +x3f : b
All Voiced-Voiceless

- . Stops . -52
8 Pairs‘- ; 2k
d Pairs’ 24
L . .

47.82
59.39
78.50
- 6.10

75.51
10.12

59.54

Includes only pairs which appeared in all lists.
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Another stationarity prediction (Bower, 1961) based on‘ the. binouﬁ.al
properties of the one-element model involves: the ammlysis’ of sequences .

of responses by e given subject to a given concept. The prediction is
that, ‘ given an error on the nth presentation of a certain concept, the
number of times that the subject misses that concept rn subseyuent- pre-

| sentations should be independent of n. This 18 because an error, regard-
less of when it occurs, is assumed to imply that.the ‘concept is completely
-unlearned, Hence the expected number of subsequent errvors. on that concept
1s independent of n. Figures. 8 and 9 show the curves-of. the number of -

errors plotted against n for the 1- and 4-concepts. The data are plotted

ot W ~ e
&y )

»

Cemrr e ve .. Insert Figs. 8 and 9 about here— ... .- - ;oo e

for the first half of the trials' (minus ope) at each of:ihe two. levels of
anaelysis. For both the l-concept and the k-concept the cwurves generally
decline, instead of remaining horizontal as predicted by the:one-elemsnt
-model. C b P I B 7
Vincent curves of group data. The Vincent curves for.a: given: pair

type were plotted by dividing the trials prior to last ervor on' thai:type
into quartiles for each subject, finding the number of errors.per quartile,

and adding over subjects. Table 20 gives the mumber of errors and:the:

Insert Table 20 about here S

number of responses per quartiie for each concept analysed. From these’
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.data,. the proportions of correct responges per quartile were graphed
(Figure 10). Thase data vere alsc.used to compute chi-square tests of. .

Insert Fig. 10 about aere

the hypothesis .that the number of errors per quartile is stationary for

Rl b2 s BLE it el S ANl S A A

& given concept. ‘Ex :pt for the /k : x/ concept, the obtalned chi-square
values indicate significant departure from stationarity (Tsble 21).” This
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finding agrees with the corresponding analysis of ' the non-Vincentized
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. Insert Table 21 about here = . .. ...
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§ ' -data (Table 16):- - Pigure-10 shows exactly what patterns-of- nonwstationarity

occurred. . - Discounting the less interesting types Jky. v %)/ and [z zJ/ ’

F the general treni is an increasing, negatively accelerated curve through
the:first three quartiles, and an upvard "spurt” in the fourth quartile.
This "midplateau” has been found by Zeaman et al. in studies of discrimi-
nation lesraning by retarded children (1961).. It occurs between: guartiles

-2 snd-3.in five of the six curves (of course, this. is‘conatstex;t with the

- group: learning curve of Figure 1), - However, there sre several reasons ..
why we do not wish to emphasize the "midplateau”. In the first place,
our evidence would be more convincing if the curves were based on inde-
perdent ohservations of different sets of items., Secondly, the effect did
not- appear when:the-data of Experiment I were plotted in Vincentized form.

There, & monotonically 1ng~easing, negatively acceleratsd curve appeared

L~
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Fig. 10 Observed proportion of correct responses in each quartile of
Vincentized group data. The curves are displayed separately for each
level of concept analysis.
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. preceding steps. greatly reduced the number of responses and errors per.

pEpeme—eregr R

-iﬁwthe‘ﬁnaiyéeé"of ﬁiﬁcent‘curves: () the Vincent curves vere plotﬁed

'difricuit pairs were studied; the sets are indicated:below;

for each concept «ana]-yzed. - Gre e v s em e e s e " . e JUNT

 Individual lincent:curvés. We next consideied several refinements

for individual subjects; (b) to permit closer evaluation of the learning
mb&élé, the trials prior ¢ last error were divided imto octiles rather

than into.quartiles; (¢) two breskdowns, each into fouiysetb,‘df’thé more

)
Y B ‘ £

) S First Second

.pair type - Classification . Classification
/o : b/ s vs. d /v/ vs. [b/ as first member of:pair
s 3 t8/ svs. d /s/ vs, [ts/ as first member of pair.

Each.set represents ten pairs (e.g., the /s : ts/ 8 class includes-one:

/e 18/ énd one /ts:: ts/ pair with each of the five vowels).  (d) The

octile, so the analysis was restricted to those sets of pairs which .
contained enough errors to provide worthwhile tssts of the models. -.One.
important fact about the Vincent curves for these "hard" sets must be:nbted;
viz., that ths learning criterion was not met in these cases. - Hence, only
the initial portion of the prelearning trials, rather than.all of then,

has been divided into octiles. The criterion for "enough" errors in a
givien response sequence was more than fifteen in at least une octile. -

(An octile could include up to 30 responses). Fifty-four such sets of
octile dats met this criterion. The first two columns of Table 22 list

the subjecs and pair type which contributed each of .these sets of data.

B
E3ns

h
e
£
55,
s

4L P ER




T

Insert Table 22 about here

Tests qf the two-element ¢: 1 linear models.

Goodness of fit of predicted Vincent curves. Each of three models

wes applied to each of the 54 sets of octile data. For the slope-inter=-
cept and linearlmpdels, two parameters were estimated separately for each
of the sets of data. Three parameters were estimated in each case for the
two-element model. . The manner of application of the modele will bé dis-

cussed next.

‘Pwo-element model. As mentioned earlier, this model assumes that,

prior to the trial of last error on a given concept, the two~-element

stimulus set representing the concept may pass from the initial state in

% which neither element is conditioned te the correct response to the inter-

mediate state in which one of the two elements is conditioned. Therefore,

§ before predictions regarding the data before last error can be made, 1t

i8 necessary to estimate the guessing protahilities &g and 81> and the

5 trial on which transfer from state O o state 1 occurred. The exact

manner of estimating these quantities is given above (see equation (1)-(3)).
It is of some interest tc note the distribution of the frequency of

the various ) estimates (Figure 11). According to the two-element model,

AL A AR S A

Insert Fig. 11 about here

Hisaliots

the passage from state O to state 1 occurs most often at octiles 1, 2, 6,

~ =48~
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and 7. Of course, this agrees. with the "midplateau” finding mentioned
E ~ before. . We note that for the first 3 octiles, this model p:e@}gtgaghat
the proportion of correct responses will equal &y? ani for thg:lgﬁt,Bgi
octiles, the proportion correct should be 8- After_go,_gla and J‘wggg
estimated for gach of the sets pf octile data, the pred;gtgd learning
curves .were plotted. The graphs ofvtheAtheoretiqal pp&é;;piéﬂ éo;rect,

per octile are compared with the observed proportions in Figures 12-43..

Insert Figs. 12-43 about here .

¢ - o . s - -

Slope-intercept model. . It is possible that the plot of the proportion

_ ép:req@ agyinst thg;octile number would be more adequately,dgscribgd by &
straight line of non-zero slope than by the pair of horizontal line,gégr

- ments (Figures 12-43) which the two-element model requires. Although ve
had ro fundamental grounds for preferring the slope-intercept qug;,jit is

~ worthwhile to determine its fit to the present data. By so doing we shall
have something against which to compare the fit of the two-element model.

. 'The slope and intercept parameters were computed, also by the method of'
least squares and the minimum sum of squared deviations was computed for
each of the 54 sets of octile data. As an index of the relative g;cu;acy
of the two-element and slope-intercept mode}s, we may cqmpareﬁthe sum of
squared deviations between predicted and observed frequencics fortthe two
models. Of the 54 comparisons, tﬁe-summéd sqpared-deviatiéns ﬁexe iower
for the two-element model than for the slope-intercept model in h7:¢ases.

Using the normal approximation to the binomial distribution, the hypotaesis

~h9-
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that there is no difference between the models in the summed squared
deviations is rejected at the .0001 significance level (z = 5.38) c0ftithe
5k compsrisons between the linear and slope-intercept models , the summed
squared deviations were lower for the 1inear model about half the time.

- Iinear model. The predictions of the linear mcdel were determined

for each of the sets of octile data. The first step was to estimste gq,,

the initial probability of en error, and 6, the learning rate. As with

. the -other models, the estimation was performed by minimizing the sum,

over octiles, of the squared deviations between the predicted and observed

" frequencies of correct response (see equation (4)). However, unlike the
‘situations for the other two models, an explicit algebraic solution for

q and ‘® in-terms of the observed quantities was prohibitively difficult.

This problém was met by exploring © in increments of .0002 from .0000
£o .0020 (the range in which over half of the best estimates of 9 ectuslly
fell), in increments of .0010 to .020, end in increments of .010 there-

after. For each of these values of ®, the q; which produced the least sum

“of squared deviations was found. Then that single pair '(ﬁl s 8) vhich -

yielded the lowest sum of squared deviations was selected as the estimate . -

of q, and 0. -Using equation (4) the goodness-of-fit wes computed for each
get of octile data. These chi~square values play a major role in our eval-
uation and comparison of the two-element end linear models.

Evaluation of two-element and linear models. Table 22 gives the

parameter estimates for the two-element and linesr models and the results
of the goolness-of-fit tests. The number of degrees of freedom takes

intc account the pooling of ad,jacent octiles which was reguired to yield

~50=




sufficient theoretical observations per. cell. There appears to be no - -
consistent relation between gb.and gi in the two-element model. The very
smell 6 values in the linear model express the fact that the learning pro-
ceeded very slowly. The wide inter-subject differences in;ﬁb and,ﬁl
suggest large individual variaticn in initial ability. .

With 5 degrees of freedom a X? of 11,1 is required for significance
at the .05 level. With 6 degrees of freedom, the corresponding.figure is
12.6. Of the 5k ¥ velues, nine are significant at the .05 level for

tphe\@yo-elemgnt model, and eleven for:the linear model. According to -this
comparison, the two-element model is slightly superior. An:overall evel-
_uation of the.models. was: also.performed in the following manner.. For ..
each model, the goodness of fit was determined bv summing. the X?,,over’
all sets of data in Table 22. The sum was 291.350 for-the two-element.. -
model (228 degrees of freedom) and 587.327 for the linear model (288 degrees
of freedom). The normal approximation yielded z = 2.808; p <..005 for.:
the two-element model, and z = 10.297, p < .0001l.for the linear model. If

. subject 2, Set 4t is omitted from the linear model calculations, e =-392.972,
d.f. = 283, z = 4.265, and again p < .0001. Therefore, it may be concluded
that the deviations between either model end the data are -highly signifi-
cant. Owing to the large number of observations included in the analysis,
this fact is not surprising. A more informative measure of the adequacy
of the models consists in compering the sum of.their TX?slw'On,this basis,
the two-elément model -is clearly superior.

Some tentative conclusions. As the results just given indicate, the

overall comparison of the two-element and linear models is favorable to




the two-element model. Also, both of these models fare better than the
simple on:-element conditioning model. The not unexpected superiority of
thé two-element model to the one-element model follows from the fact that
{j\ in the former model was never equal to eight, the value which reduces

to the one-element model. The linear model is more adequate than the one-
element model, since the case'e equals zero (which reduces to the one-
element model for our pre-learning data) rarely obtained. It is somewhat
surprieing that the two-element model turns out to be superior to the
linear model, for as remarked earlier, the complexity of the auditory stim-
alus materisl used in the experiment could easily have led to results
favoring the linear model. On the other hand, the goodness of fit of the
two-element model to the 54 cases of individual data is not close enough
to warrant the drawing of any decisive inferences concerning the number

_of aspects or properties of the auditory stimulus material which determine
the response conditioning of subjects. That & stimulus sampling model with
a small number of elements works fairly well is encouraging. In future
work, we hope to pursue more deeply the identification of those aspects of
the stimulus material that are most important in determing responses, but
we also realize that it is very likely the case that models of greater
formal complexity will be necessary adequately to account for all major
aspects of the data. We certainly do not feel that the present application

of mathematical learning theory to learning in a linguistic context is to

be regarded as other than a tentative first step.
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Figures 12-44 Observed and predicted (two-element model)

o

1

4 e




o B S r ke o
' vy v ' ' T ' . o R
. o e, N i VT S ey ,
.. . N W R Y R 5" **m*‘ N :mgy
.- . ' . g . - T R S e AL
s N . 00 . g Ll ."\ ,,',l!'yf,y"/ \*7"':.‘ Mié"’ 3;3*

*

Ip:bi, d
_oglsetsl. d

i, d

L ]
S U o =~ o

Kl

plcorrect)

e

ReF L

=0} fsctsl, Is/ first

LA

L%

=
2
=

e

‘ Figs. 12, 13

panepmgurrey

FTrn

w Py . . . y 7 “\ o &
TP o Beacd oo, R s A ‘ . S et & N ws-;g R&, -9'3 1'?%}:;& i

et gl T g - .o . N T & I
S L s it ) N . b 3 ;S&*w' ’% Ao o U, o "'::_‘.;N'mﬂ .t




R e pRTNHRESTIRa T i 7 e e e e

plcorrect)

D e A L S AR M A

- IV, d
,O\\
/7 Y
f= o —— = — — =30 ———0 sl d
On, /
-~

st o
N‘
w
&

”OQ‘\
- wus cwm i wes

= = >0 Inbl, Ipl first

é//

b, M first

L0

.6

OCTILE

A

4

o
P o) .
~N —— ~
T == N Lo < soistsd, M8l first
2
i i i 1 1 | 1 |
| 2 3 4 5 6 1 8
OCTILE
Figs. 14, 15, 16
: T N Yea e

h Al :‘?n A o ",?;2‘;
B 5 Wit ‘(.Y 7"’5} ?@aﬁ%&fgﬁ

Dbencd "ppf‘-r-mkf; wm:@gm“g;wmmmwfgwmq ; .

WA ST

»*
§
b
H
b
t
M
Ve
.

T pn W g ety s 1o s vodhins e
A '

-



[N

., 4
O e
PO

RIS PN
R T

X AN
LN ¥y TGy

it

| St e Istsl, d

' -
\ o~ . _ / |
¢ ~ - -~ -
~ - =~ - /
J o =0

] I ) .
8

o

T o oo o Inbl,pfirst

== =
|
4

.
K ]
T

fp:bi, Ibl tirst

o
o
L

plcorrect)

isstsl, Isl first

\, Figs. 17, 18, 19

N oAy o er e B



SoneT R Rt T TR AT AT TR T T RTERRER T TR R O AT TR T

;
E
]
:

R A M A A

.‘
4
:
3
:
E
3
L
s
-
3
!
!
f
E

ok ':‘:7" r;" ‘.7‘1‘; f&’"'—\
ot AL

pre
.

&

Frrihe

ERIC

Aruitoxt provided by Eic:

plcorrect)

10

-
[ —J

LO

- -
YA S y [t d

o ———- _.4:.‘|:B:r-:;ﬁ. ’&tﬂ,!

wl-

OCTILE

2 Istsl, isl first

“T
and
)

T 7% Ipeb, i first

hebi, d

[ =8
~N
w
L 1 =8
wn
[-
-~y
o

OCTILE
Figs. 2, 21, 2, 23

P REPURpv Y

™

y
)




plcorrect)

L0

-

S
W=
(-

OCTILE

- N/\\ Isetsl, Isi first

9
——t—+—

/Inzgll. 10! first

~ ,o——--___ﬂ d
/’ N -‘x;e./.f': foebd, o st

N, d

i1

Londl d
nN

o
W
>
~F
o

OCTILE

v Is:tsl, Isl first
11

Figs. 24, 25, 2%, 27

}
8

al
Wk
O
gl

OCTILE

X

R R

e
g

A
!

SRl L R S i e

RE

&
%’
E
?Z
-
;
%
3
I
H
;



plcorrect)

Lo

fp:bl, d
SF
b
7”7 /0\
LA 7
&‘ == =0 — ———"'——\;__,_;-— -
A ~ < Il d
/7 |
.2" 0\ / '
S S SRR |
°| 1 } [ ] } | i i |
* 1 2 3 4 5 6 7 8
OCTILE
L0~
,—---/-70 fo:bl, Ipd first
.8 Ipdl, M tirst
.&_
13
A
L0
81
=0 =0 [s:itsl, s/ first
X1
A5 Is:tsl, sl first
13
1 | i ] i A . ]
.2 3 3 ¥ 3




e Y W ,1%,” DT L Yl ¥, » . " i e~
@m@ﬁ : »M»w ; w.,w & o x ; diakes i 7
atmpci 3 ALY ,w._. f...u.wr, .Ww,%@;. W, oww aw—.w G m Am.w...”m e ; ..#.wv
— * LGN i N
* - o
s £ EE
2w 2 ot . 2
¥ = = & = =2
& £ - &5 £ X
-] i - -] L] (-}
\ ! I*° 7 P 7 P
N '
(\} n
i \ e P~ : !
. on
i1 i
| “
o d © L \
\ R
’ \
lts -d U f
N\
N\
Q o N S
—ten ~en
X
, o
@
. =
: .m.
lo i i g
i 1 1 1 | —ve { L } }
o o0 = - o~ [ o S ® ) "
L : * ° * L ¢ L _L * °
(1204102)d

ey

b i o

Ly




L0r i, d

Ho b/, M first
Intd, ¢

8}

.6}

Al
‘16

z i i 1 [ 1 L A J
* 1 2 3 4 5 6 7 ]
OCTILE
LO

- 16
bl 1 ] {4 1 [ | [ g
e 6 2 3 4 5 3 7 8
. OCTILE
o
=

1.0~

Nlg N\
/ N 0 Is:tsl, d
/7 A} -z
cr- o T T 7
AL ,0, N\ _ -0
7 4 °
7
-«°, \
G~ =TT T T T T n
'2 [ } [] | 1 ] . |
1 3 4 5 6 { 4
OCTiLE
LOf
o\
18 ~ o o lutsl, nsifirst
' el e
o4
6 -
) /‘xo: —— =% Is:sl, Is] first
g 17
’ 1 4 1 §
AT 1 4 6 —%

Figs. 35, 3%, 37, 38 OCTILE

R o

Aruitoxt provided by Eic:




Is:tsl, Isl first

OCTILE

plcorrect)

LO ¢
b 08- - T T

Za LAY

&

r'S
-

.

-

-,

.

e

-

L

e {; sy

PR T

&
&

t OCTILE

St
i

:

&
¥
3
B

A
) . : R L UL S AR
; . TLREEe gy T
- Y N R A L8 ’:”"“"“}r
s G A e e 5 RS
o o, IR DR T TR 2 A el L b 2% i Bk Mt s P R




iy 2o

p(correct)

8r
-6 Ipebl, d
o\
Y | o - e S
R S S _ T stsl, d
~ 7
~ 0
2 < -
\O/
19
0 1 | 1 1 1 d J
1 2 3 4 5 6 1 8
OCTILE
LO~
o
//\ /\ Inbi, b first
O = =" 0. o) ~N e
|

R e A Pytuts AT — — =" Ipbl, Ipl first
\or’ o--_.
19
.4 2 i ] 1 1 ] i ]
2 3 ] 5 6 7 8
OCTILE
L0p
8,_ /o\
‘ =N o7 mSR D T sz dstsl, sl first
—....——A..._..._._.—.._Q.’—.._._- No
.6
g Is.tsl Isl first
4 L i |
T 2 3 4 5 6 7 8
OCTILE

Figs. 41, 4, 43




L0

plcorrect)

<. — = lpbl, M first
~<e) Inbi, d

T —————



References

Bush, R. R., and Estes, W. K., Studies in Mathematical Learning Theory,
Stanford, California: Stanford University Press, 1959.

Bush, R. R., and Mosteller, F., Stochastic Models for Learning,

New quk: Wiley, 1955.

Estes, W. K., "Toward a statistical theory of learning", Psychological
Review, Vol. 57, (1950), pp. 94-107.

Estes, W. K., "Growth and function of mathematical models for learning",

Current Trends in Psychological Theory, Pittsburgh, Pennsylvania:

\\\\\\

University of Pittsburgh Press, 1961.

1
s s L,

Fischer-Jgrgensen, E., "Acoustic analysis of stop consonants"

Miscellanea Phonetica, Vol. 2 (1955), pp. 42-k9.

Gleason, H. A., Jr., An Introduction to Descriptive Linguistics,

Revised edition, New York, 1961.

Halle, M., The Sound Patterns of Russian, 's - Gravenhage, 1959.

Jakobson, R., Fant, C. G. M., and Halle, M., Preliminaries to Speech

Analysis, Cambridge: M.I.T., 1952.

McNemar, Q., Psychological Statistics, New York: Wiley, 1962.

Miller, G. A., and Nicely, P. E., "An analysis of perceptual confusion

among some English consonants", in Psycholinguistics, S. Saporta,

ed., New York: Holt, Rinehart and Winston, 1961, pp. 153-175.
Pollack, I., "The information of elementary auditory displays", JASA,

Vol. 24 (1952), pp. T45-T69.

Suppes, P., and Atkinson, R. C., Markov Learning Models for Multiperson

Interactions, Stanford, California: Stanford University Press, 1960.

-53_




Suppes, P., and Ginsberg, R., "A fundamental property of all-or=-none
models, binomial distribution of responses prior to conditioning,
with application to concept formation in .children." Technical
Report No. 39, Institute for Mathematical Studies in the Social

Sciences, Stanford University, Stanford, California, 1961. (To

appear in Psychol. Rev.).

Zeamsn, D., and House, B. J., "Role of attention in retardate

discrimination learning”, N. R. Ellis (ed.), Handbook in Mental

Deficiency: Psychological Theory and Research, New York: McGraw-
zellciency: ISy & y

Hill, 1962, (in press).

ey ppTa———————— PRI PR " YT Y N Tl e o




Appendix A
Russian Minimal Pairs

1 fe-va 41 se-ze 81 ta-da
2 fa-fa b2 se-se 82 ta-ta
3 va-va 43 ze-ze . 83 da-da
L va-fa L ze-se 84 da-ta
5 20-vo LS si-zi 85 to-do
6 fo-fo 46 si-si 86 to-to
T vo=vo W7 zi-zi 87 do-do
8 vo-fo 48 zi-si 88 do-to
9 fu-vu k9 si-zi 89 tu-du
10 fu-fu 50 si-si 90 tu-tu
11 wvu-vu 51 zi-zi 91 du-du
12 wvu-fu 52 zi-si g2 du-tu
13 sa-za 53 pa-ba g3 te-de
1+ sa-sa 54 pa-pa o te-te
15 za-za 55 ba-ba 95 de-de
16 za-sa 56 Ya-pa 96 de-te
17 so-2zo0 57 po-bo 97 pi-bi
18 so-s0 58 po-po 98 pi-pi
19 zo-zo 59 bo-bo 99 bi-bi
20 zo0-80 60 bo-po 100 bi-pi
21 su-zu 61 pu-bu 101 ti-di ft s
22 su-su 62 pu-pu 102 ti-ti
23 zu-zu 63 bu-bu 103 di-di
2k  zu-su 64 bu-pu 104 di-ti
25 se-ze 65 pe-be
26 se-se 66 pe-pe
27 ze-ze 67 be-be
28 ze-se 68 be-pe
29 sa-za 69 ka-ga
30 sa-8a T0 ka-kea
31 za-za T1 ga-g=
32 za-sa T2 ge-ka
33 so-z0 T3 ko-go
34 so-so T4 ko=-ko
35 zo-zo 15 8o-g0
36 zo-so 76 go-ko
37 su-zu Tl lu-gu
38 su-su T8 ku-ku
39 zu-zu 79 gu-gu
40 zu-su 80 gu-ku




Pilct Study 1

kji-kji
kji-xji
xji-kji
xJi-xJ3i

sa-sa
sa-tsa
tsa-sa
tsa-tsa
se-se
se-tse

tse-se. : -

tse-tse
si-si
si-tsi
tsi-si
tsl-tsi
su-su
su-tsu
tsu-su
tsu-tsu

sha-sha
Sha-¥t
foa-she
Séar¥¥a
shi-shi
shi-g8cCi
g¥1-ghi
¥¥1-8%
sho-sho
sho-!!o

gxa-sho

¥¥o-¥¥o
shu-ghu
shu-scu
gx&-shu

Fu-¥

cha-cha
cha-tja
tJja-cha
tja-tja
chi-chi
chi-tj1i
tji-chi
tji-tji
cho-cho
cho-tjo
tJo-cho
tjo-tjo
chu-chu
chu-tju
tJju-chu
tJju-tju

tge-kje
e-tje
tje-kjle
tje-tje
kji-kj1i
kji-tji
tJji-kj1i
tji-tji

Appendix B

CV Pairs Used in Pilot Studies

ka-ka
ka-xa
xa-ka
Xa-xa
ko-ko
ko-xo0
x0-ko
X0-XO
ku-ku
ku-xu
Xu-ku

Iu=-xu

sja-s8ja
sja-tsa
tsa-sja
tsa-tsa
sje-sje
sje-tse
tse-sje
tse-tse
sji-sji
sji-tsi
tsi-sji
tsi-tsi
sjo-s8jo
sjo-tso
tso-sjo
tso-ts0

cha-cha
cha-tsa
tsa-cha
tsa-tsa
chi-chi
chi-tsi
tsi-chi
tsi-tsi
cho-cho
cho-tso
tso-cho
tso-tso
chu-chu
chu-tsu
tsu-chu

" tsu-tsu




Appendix B (continued)

Pilot Study 2

pi-pi mi-mi tje-tje
pi-pji mi-mji tje-tse
pji-pi mji-mi tse-tje
pJi-pji mji-mji tse-tse
bi-bi ni-ni tja-tja
bi-bj1 ni-nji tja-tsa
bji-bi nji-ni tsa-tja
bji-bji nji-nji tsa-tue
tsi-tsi
ti-ti 1i-11 tsi-tJji
ti-tji 1i-1j1 tJi-tsi
tji-ti 1ji-1i tJi-tji
tyi-tyi 131-134 tjo-tjo
di-di ri-rl tjo-tso
di-4ji ri-rji tso-tjo
dji-di rji-ri tso-tso
dji-daji rji-rji tju-tju
5 tlu-teu
si-si la-la tsu=-tju
si-sji la-1ja tsu-tsu-
f sji-si lja-la
sji-sji 1lja=1lja sje-sje
4 zi-zi ra-ra sje-tse
zl-zji ra-rja tse-gje
zji-zi rja-ra tse-ise
zji-zj1 rja-rja sju-sju
sju-tsu
; tsu-sju
3 tsu-tsu
80-50
gso=ts0
tso-so
! tso-tso
3
E
{
E




Appendix C
Proportions of Errors in Pilot Studies of Conscnant
Phoneme Discrimination '

Pilot Stu@xﬁl

. .
[ 4

No. of

Contrast Vowel Items p(error)
[kd : x3/ i b b
/e ¢ tsf a, e, 1, u 16 .13
/sh s ¥&/ a, i, o, u 16 .06
Jch ¢ t3/ a, i, o, u 16 .05
Jx3 : t3/ . e, 1 8 .03

é /k : x/ a8, 0, U 12 .02

§ /83 ¢ ts/ a, e, 1, 0 16 .01

5 [ch : ts/ a, 1, o, u 16 .00




\
Appendix C (continued) i
Pilot Study 2 (Each contrast involved four items) :
Contrast Vowel p(error) ‘
/8 : ts/ 0 .28
[z ¢ z3/ i .17 :
/11y i 11
/s : 83/ 1 .10 7
/n : nj/ 1 .09 iy
, /1 : 13/ 8 .08 |
/83 : ts/ e .08 7
[td ¢ ts/ u 07 ,
/p 2 B3/ 1 +06 ) iy
/a 13/ 1 .06 | o
Jr s r3/ a .06 i
jr : 3/ 1 .06 L
/83 : ts/ u .05 ~
/o8 : ty/ e .0l ‘ e
/t + t3/ i . Ok
jm : mj/ i .03
/t3 : ts/ & .02 !
/t3 ¢ ts/ 0 .01
* Jtd : ts/ 1 .00
/o : b3/ i .00
-59- =

C ' v




. Appendix D
Response Lependency Analysis i

1l = error O = correct

Quartile - 1
1

Sub- 4
Ject p(1[0) p(2l1) p(1lo) p(1]1)  m(1l0) »(2]1)  p(1[0) p(1]1)
1. .162 261 .185 .183 171 217 . 166 .156
2. 169 .221 .185 .162 248 .217 .19%  .090
3. .185 .230 211 .250 .225 .258 .133 .120
L, .062 241 .038 .067 .02h .00 .030 .000
5. .156 .180 .092 .086 .076 .069 047 .056
6. .109 .182 .051 .000 .033 .000 .016 .000
7. 217 217 .168 .115 .119 167 077 .206
8. 109 .163 .060 .000 042 .063 011  .000
9. 129 .10k .100 .190 106 122 .056
10. 119 .130 .053 .095 .055 047 .035
11, .090 162 112 116 116 152 .056
12, .058 045 .038 067 .04l  .000 .033
13. .250 .314 .320 .261 276 .290 221
1k, .1%0 .196 k2 .237 146 145 .093
15. 178 .233 .186 .150 172 .113 .076
16. .163 .190 .098 154 .066 .080 .027
17. .223  .286 .217 154 228  .190 .156
18. .168 .209 .138 .182 .152 .183 .073
19. 247 292 273 .299 288  .356 .261
20. 157 .206 .153 i .096 .108 .080
Mean
Propor-
tion 155 .203 Akl .148 134 .139 .092

=60-




